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Continuous glyphosate use has contributed to an increasing number of problematic 
glyphosate-resistant (GR) weeds. The mechanism of resistance in many GR weeds is 
poorly understood, in part, due to a poor understanding of how exactly glyphosate kills a 
plant. In previous research, the efficacy of glyphosate was demonstrated to be strongly 
influenced by root invading soil-borne microorganisms. However, this interaction among 
plants, glyphosate, and soil microorganisms has only been studied in a number of crop 
plants, but not in weed species. This is surprising since the soil biotic environment has a 
strong impact on the activity of this important herbicide. Gaining a better understanding 
of these interactions may shed more light on the performance of glyphosate in the field 
and the evolution of glyphosate resistance. The objective of this research was to 
determine the role of soil microbes in the resistance to glyphosate of three problematic 
weeds of the midwestern United States: giant ragweed (Ambrosia trifida L.), horseweed 
[(Conyza canadensis (L.) Cronq.], and common lambsquarters (Chenopodium album L.). 
Through a series of greenhouse and lab experiments we determined that root colonization 
by soil microorganisms increased the activity of glyphosate in glyphosate-resistant (GR) 
  
xv
and -susceptible (GS) biotypes of giant ragweed and a GS common lambsquarters 
biotype, but not in horseweed biotypes. The GS biotypes of each weed species were 
colonized by a greater number of soil microorganisms, specifically oomycete (e.g. 
Pythium spp. and Phytophthora spp.) pathogens, when treated with glyphosate, compared 
to the GR biotypes. These data suggested that the ability of giant ragweed to tolerate a 
glyphosate application may involve differences in the susceptibility to soil microbial 
colonization, specifically Pythium spp. However, the degree of giant ragweed 
susceptibility to two Pythium species, P. ultimum and P. aphanidermatum, did not differ 
between the GR and GS biotypes grown in disease conducive conditions, in the absence 
of glyphosate. Utilizing next-generation sequencing revealed that the rhizosphere 
microbial community of giant ragweed is different between the GR and GS biotypes, and 
the microbial community is perturbed by a glyphosate treatment. Glyphosate does cause 
changes to the diversity of the rhizosphere microbial community 3 days after treatment, 
and this needs to be investigated further. Overall, the results of this research demonstrate 
that rhizosphere interactions are important to the mode of action of glyphosate, in the 
weed species selected. These findings suggest that the range of tolerance to glyphosate 
observed in weeds and the evolution of resistance in weed biotypes may also be 
influenced by rhizosphere interactions. Understanding these interactions are crucial in 




 LITERATURE REVIEW 
 
1.1. Glyphosate 
 Glyphosate [N-(phosphonomethyl)glycine] was discovered for use as a herbicide 
by Monsanto Company (Monsanto Company., St. Louis, MO) in 1970 ( reviews in Franz 
et al. 1997). In 1974, glyphosate was commercialized under the trade name Roundup® for 
post-emergence, non-selective vegetation control (Duke and Powles 2008; Monaco et al. 
2002). Glyphosate quickly became a widely used herbicide by providing effective weed 
control with minimal risk to off-target organisms and the environment (Duke and Powles 
2008; Cerdeira and Duke 2006). Although glyphosate is active on a wide range of plant 
species, this herbicide was found to be relatively safe to mammals, birds, and fish (Geisy 
et al. 2000; Williams et al. 2000), as these species do not contain the target site enzyme 
needed for glyphosate activity. Glyphosate also has minimal risk on the environment, as 
glyphosate is rapidly bound to clay particles in the soil, which prevents leaching (Piccolo 
et al. 1992, Piccolo et al. 1996) and is broken down quickly by soil microorganisms 
(Cerdeira and Duke 2006; Duke and Powles 2008; Sprankle et al. 1975a). Due to these 
characteristics, glyphosate became an environmentally ideal herbicide for weed control. 
 Due to the lack of selectivity, glyphosate could only be applied in non-crop 




technology. The development of genetically engineered crops which were resistant to  
glyphosate began in the early 1980’s (Green 2009). In 1996, soybean (Glycine max (L.) 
Merr.) became the first commercially available GRC, followed by the release of cotton 
(Gossypium hirsutum L.) in 1997, and corn (Zea mays L.) in 1998 (Green 2009; Young 
2006). The introduction of GRC technology gave growers the ability to use one chemical 
before planting and as a post-emergent herbicide to effectively control both broadleaf and 
grass weed species (Duke and Powles 2008). As a result of the ease of use and 
effectiveness of GRC, this technology was rapidly adopted throughout row crop 
agriculture in the United States, and eventually became utilized throughout the world 
(Green 2009). 
1.1.1. Glyphosate Mode of Action 
Glyphosate’s effective, broad-spectrum control of both broadleaf and grass weed 
species can be attributed to glyphosate’s specific and unique mode of action. Glyphosate 
is a systemic herbicide that is absorbed through the leaf tissue and translocated in the 
phloem from source tissue to sink tissue (Bromilow et al. 1993; Coupland and Caseley 
1979; Franz et al. 1997; Kirkwood et al. 2000; Sprankle et al. 1975b). Movement 
throughout the plant mimics photoassimilates, allowing glyphosate to accumulate in the 
meristematic tissue of both the shoots and roots (Bromilow et al. 1993; Sprankle et al. 
1975b). Environmental conditions that support active plant growth and photosynthetic 
translocation tend to increase glyphosate efficacy (Sprankle et al. 1975b). 
 Once in the cell, the glyphosate molecule binds to the chloroplast-target enzyme 
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), blocking the flow of carbon 
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through the shikimate acid pathway and preventing the production of aromatic amino 
acids (Amrhein et al. 1980; Duke 1988; Steinrücken and Amrhein 1980). GRC contain a 
CP4 gene isolated from an Agrobacterium sp. which encodes a GR form of the EPSPS, 
not allowing the glyphosate molecule to bind, therefore expressing resistance in these 
plants to a glyphosate application (Duke and Powles 2008). Excess glyphosate molecules 
which are not bound to the EPSPS are effectively broken down in plants by carboxylation 
(Komoba et al. 1992). The shikimate acid pathway of a plant is the gateway for 
production of secondary metabolites by linking carbohydrates produced in photosynthesis 
to the biosynthesis of aromatic amino acids (Herrmann and Weaver 1999). Products of 
the shikimate acid pathway are essential for plant growth, development, and defense 
against pathogens and environmental stresses (Pline-Srnic 2005). It is thought that up to 
60% or more of a plants’ mass (dry weight) is made up of molecules that passed through 
the shikimate acid pathway (Jenson 1986). This essential pathway is only found in plants 
and some microorganisms, never in animals, therefore it is an ideal target-site for a 
herbicide (Herrmann and Weaver 1999). 
 Glyphosate’s target-site at the EPSPS is the sixth step of the shikimate acid 
pathway. The glyphosate molecule competes with phosphoenolpyruvate (PEP) for 
binding to the EPSPS, and when bound to the EPSPS blocks the flow of carbon through 
the shikimate pathway (Boocock and Coggins 1983). Blocking the shikimate acid 
pathway at the EPSPS inhibits the downstream production of chorismate, which is a 
precursor for the synthesis of the essential aromatic amino acids: phenylalanine, tyrosine, 
and tryptophan (Amrhein et al. 1980; Steinrücken and Amrhein 1980). Depletion of 
chorismate disrupts the biosynthesis of many essential plant compounds, including 
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proteins, auxins, phytoalexins, folic acids, flavonoids, plastoquinones, precursors to 
lignins, and many other phenolic and alkaloid compounds (Bentley 1990; Pline-Srnic 
2005). Impeding the shikimate acid pathway by a glyphosate application has an overall 
effect on plant metabolism, carbon allocation, photosynthesis, and defense mechanisms.   
1.1.2. Glyphosate-Induced Plant Death 
Glyphosate is the only herbicide that inhibits the shikimate acid pathway, 
preventing the production of aromatic amino acids. Symptoms of glyphosate injury begin 
as chlorosis, followed by necrosis of the meristematic tissue, overall plant wilting, and 
eventually plant death in 7 to 14 days after treatment. The slow developing symptoms 
and plant death are thought to occur primarily as a result of plant depletion and eventual 
starvation of aromatic amino acids, leading to a deprivation of proteins and secondary 
metabolites derived from chorismate (Pline-Srnic 2005). It is currently perceived in most 
literature that glyphosate becomes phytotoxic to the plant through amino acid starvation, 
and eventually causes plant death. 
However, it still remains unclear if inhibition of the shikimate acid pathway is the 
actual or only cause of glyphosate-induced death (Duke and Powles 2008). Many of the 
compounds produced by the shikimate acid pathway are not only essential for plant 
growth, development, and metabolism, but are also important for defense against 
pathogen infection, herbivore damage, and abiotic stresses (Altman and Campbell 1977; 
Pline-Srnic 2005). Therefore, the cause of glyphosate induced plant death may be due to 
a direct consequence of aromatic amino acid depletion, accompanied with an increase in 
plant susceptibility to pathogens and other stresses (Pline-Srnic 2005).    
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1.2. Glyphosate-Resistance in Weeds 
The introduction and rapid adoption of GRC was influential in the drastic increase 
in glyphosate usage throughout the U.S. (Dill et al. 2008; Duke and Powles 2008; 
Gianessi and Reigner 2007). Prior to the introduction of glyphosate-resistant (GR) 
soybean in 1996, less than three million Kg of glyphosate was used in soybean each year; 
by 2002, glyphosate use in soybean had increased to 30 million kg yr-1 (Young 2006). 
Currently, GRC is the most widely used weed control system. In 2012, 93% of the 
soybean and 73% of the corn acres planted in the United States were GRC (USDA 2012). 
Consequently, the widespread adoption of GRCs and over reliance on one chemical on 
the majority of agricultural fields for weed control contributed to the evolution of GR 
weeds (Dill et al. 2008; Duke and Powles 2008; Powles and Preston 2006). 
Resistance to glyphosate was formerly thought to be very unlikely in nature; 
resistance was not reported after 20 years of use and glyphosate had a low resistance 
frequency due to its specific target-site (Bradshaw et al. 1997; Jasieniuk 1996). Yet, 
intense use and dependence on glyphosate for weed control has contributed to the 
evolution of GR in a number of weed species (Powles and Preston 2006). Glyphosate-
resistance was first reported in rigid ryegrass (Lolium rigidum Gaud.) in 1996 (Feng et al. 
1999; Powles et al. 1998), followed by goosegrass [Eleusine indica (L.) Gaertn.] in 1997 
(Lee and Ngim 2000), and horseweed [Conyza canadensis (L.) Cronq.] in 2000 
(VanGessel 2001) (Heap 2013). Horseweed was the first weed documented to have 
evolved resistance in a GR cropping system, evolving after only three years of continuous 
GR soybean production in which glyphosate was used intensively (Johnson et al. 2009). 
Since 2000, the number of GR weeds has been on a steady incline. To date, 24 different 
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weed species have evolved resistance to glyphosate throughout the world (Heap 2013). In 
order to preserve the use of this, still effective herbicide, there is a need to improve our 
understanding of the mechanism of GR in weeds. The mechanism of GR in most weed 
species is still not fully understood, nor is the exact biochemical mechanism which causes 
plant death in glyphosate-treated plants. 
Herbicide resistance in a weed population has been defined as the inherited ability 
for a plant to withstand a previously effective herbicide dose, as a result of selection 
pressure by repeated exposure to a herbicide (Bradshaw et al. 1997; Holt and Lebaron 
1990). Plant response to a herbicide is recognized as either susceptible, tolerant, or 
resistant. Susceptible weed biotypes cannot withstand a field use rate of a herbicide 
treatment, while both tolerant and resistant weed biotypes are able to survive and 
reproduce after an application of a normally lethal herbicide rate (Holt and Lebaron 
1990). Herbicide resistance is induced genetically or through selection pressure, while 
tolerance is the inherent ability of a species to survive without selection pressure or 
genetic manipulation (WSSA 1998). Weed species are genetically diverse and specific 
weeds are inherently more resistant to glyphosate; however due to the intense section 
pressure it is inevitable that weeds will continue to evolve resistance to glyphosate 
(Gasquez 1997).  
1.2.1. Target-Site Resistance 
Currently, mechanisms of glyphosate-resistance which have been identified 
among select weed species are defined as either target-site resistance or non-target-site 
resistance (Owen and Zelaya 2005; Powles and Preston 2006). Target-site resistance 
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includes an alteration to the gene which encodes the target enzyme, EPSPS, resulting in 
the ability for a plant to survive a glyphosate application. Although a mutation to the 
EPSPS is rare in nature, it was first reported in a goosegrass biotype in 2002 (Ng et al. 
2003). Substiutuion at the amino acid proline to either serine or threonine at position 106 
of the EPSPS gene inhibited the ability for glyphosate to bind to the EPSPS, therefore 
conferred low levels of resistance (2- to 4-fold) to glyphosate (Baerson et al. 2002; Ng et 
al. 2003; Owen and Zelaya 2005; Wakelin and Preston 2006). A similar mutation has also 
been observed in GR populations of rigid ryegrass (Wakelin and Preston 2006) and 
Italian ryegrass (Lolium multiflorum Lam.) (Jasieniuk et al. 2008). Natural mutations, in 
the absence of glyphosate, to the EPSPS are rare because this enzyme is highly 
conserved, as is essential to the shikimate acid pathway. Mutations of this enzyme often 
lead to loss of function or reduced plant fitness (Powles and Preston 2006). 
A target-site mutation was not detected in a GR Palmer amaranth (Amaranthus 
palmeri S. Wats.) biotype discovered in Georgia (Culpepper et al. 2006), but rather an 
overexpression of the EPSPS conferred resistance (Gaines et al. 2010). Amplification of 
the EPSPS gene resulted in an increase in the production and activity of the enzyme, 
allowing the additional EPSPS to bind to glyphosate while uninhibited EPSPS continues 
to function (Gaines et al. 2011). Currently, overexpression of the EPSPS has only been 
confirmed in one weed species, Palmer amaranth, although this type of GR is frequently 
selected for in the cell culture research using glyphosate (Pline-Srnic 2006). GR in the 






1.2.2. Non-Target-Site Resistance 
Due to the systemic nature of glyphosate, absorption and translocation of the 
herbicide is important for successful control of a treated plant. Types of identified non-
target-site GR includes reduced translocation and enhanced metabolism of the herbicide 
(Powles and Preston 2006). Reduced translocation of glyphosate was first discovered in 
rigid ryegrass; less glyphosate was translocated into the stems and roots of the GR 
biotype as compared to the glyphosate-susceptible (GS) biotype (Lorraine-Colwill et al. 
2002). Glyphosate absportion into the leaf tissue was identical in both the GR and GS 
biotypes of rigid ryegrass, yet glyphosate accumulated in the treated leaf tip of the GR 
biotype, while the GS biotype translocated twice as much herbicide to the meristematic 
tissue (Feng et al. 1999; Lorraine-Colwill et al. 2002; Wakelin et al. 2004).  Reduced 
translocation of glyphosate to the meristematic tissue has also been identified as the 
primary resistance strategy of select horseweed populations (Dinelli et al. 2006; Feng et 
al. 2004). Absorption of glyphosate was not different between a GR and GS biotypes. Yet 
similar to rigid ryegrass, glyphosate accumulated in the treated leaf to prevent 
translocation to the roots (Dinelli et al. 2006; Mueller et al. 2003; Feng et al. 2004). The 
mechanism of resistant in a resistant horseweed population has been demonstrated to be 
due to vacuolar sequestration of glyphosate, which impeded the translocation of 
glyphosate to the target-site within the chloroplast (Ge et al. 2010). 
Reduced glyphosate translocation was also observed in a GR biotype of giant 
ragweed (Ambrosia trifida L.) which displayed a unique phenotypic response of rapid 
necorosis of  mature, treated leaves after a glyphosate application. Translocation of 
absorbed glyphosate was reduced from 54% in the GS biotype to 28% in the GR biotype 
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(Robertson 2010). The molecular and biochemical mechanism responsible for non-target-
site resistance in rigid ryegrass, horseweed, and giant ragweed to glyphosate still remains 
unclear (Powels and Preston 2006). The mechanisms responsible for GR appear much 
more complex than previous herbicide resistant weeds.  
1.2.3. Glyphosate-Resistant Weeds in the Midwestern United States 
 Glyphosate has played a pivotal role in weed management, yet the continuing 
evolution of GR weeds threatens the utility of this herbicide by reducing the options 
available for controlling problematic weeds (Johnson et al. 2009). In the U.S. the most 
common GR weeds found in row crop agriculture include horseweed, giant ragweed, 
Palmer amaranth, common waterhemp (Amaranthus rudis Sauer), and common ragweed 
(Ambrosia artemisiifolia). Glyphosate-resistant and naturally tolerant weed shifts have 
become increasingly common throughout the Midwestern U. S. cropping system as the 
current system selects for weeds which are difficult to control with glyphosate (Johnson 
et al. 2009). In recent surveys, horseweed and giant ragweed were identified by 
Midwestern U. S. corn and soybean producers as two of the three most problematic 
weeds (Kruger et al. 2009). In 2005, 23% of the farmers surveyed in Indiana identified 
horseweed as a problematic winter annual, while 29% identified giant ragweed as a 
problematic summer annual (Gibson et al. 2005). Common lambsquarters (Chenopodium 
album L.), which is naturally tolerant to glyphosate was also identified as problematic by 
14% of farmers surveyed, due to poor control with glyphosate (Gibson et al. 2005). 
 Giant ragweed is highly competitive in cropping systems, and the evolution of 
resistance in this problematic weed makes controlling it a concern (Johnson et al. 2009). 
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Giant ragweed was shown to cause yield loss up to 19% at densities of 0.5 plant m-2 
(Johnson et al. 2007), and up to 90% at a density of 1.4 plant m-2 (Harrison et al. 2001) in 
corn, and complete yield loss at 22 to 36 plant m-2 in soybean (Baysinger and Sims 1991). 
Horseweed is a prolific seed producer and is abundant in Midwestern U. S. soybean 
fields. In fields which utilized a glyphosate system continuously, horseweed seed banks 
were shown to increase (Davis et al. 2007), which is a concern as horseweed rapidly 
evolved resistance to glyphosate. Other problematic GR weeds now found throughout 
both the Southern and Midwestern U. S. includes Palmer amaranth and common 
waterhemp. These weeds are also highly competitive and prolific seed producers 
(Johnson et al. 2009).  
 The escalating presence of GR weeds in Midwestern U.S. agriculture is expected 
to increase with continued dependence on glyphosate for overall weed control. The use of 
alternative herbicides for weed control has been promoted to mitigate the selected 
pressure placed by glyphosate. Yet due to the cheap price of glyphosate, farmers are slow 
to adapt to different herbicide programs. Therefore continued dependence on glyphosate, 
either applied alone or tank mixed with another herbicide is expected to continue. 
1.3. Interaction of Glyphosate and Soil Microorganisms  
While a fair amount is known about the mode of action of glyphosate and the 
evolution of select GR weeds, little is understood about the effect this herbicide has on 
soil microorganisms and plant diseases (Altman and Campbell 1977; Morjan et al. 2002). 
In addition to weed control, herbicides introduced into the soil environment through pre-
plant application, treated-plants’ root exudates, or target plant residue also have an effect 
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on increasing or decreasing plant disease incidence (Liu et al. 1997). Herbicides, largely 
glyphosate, have been shown to influence plant disease by directly effecting the growth 
of soil microorganisms and indirectly by predisposing the treated plant to pathogen 
infection (Altman and Campbell 1977; Duke et al. 2007; Johal and Huber 2009; Liu et al. 
1997). Due to the widespread use and high quantity of glyphosate applied each year, the 
potential shift of soil microbial communities and increased populations of pathogenic 
organisms raises a concern. 
1.3.1.  Glyphosate’s Effect on Soil Microorganisms 
 Many herbicides, including glyphosate, can potentially have both inhibitory and 
stimulating properties on a range of soil microorganisms, directly affecting the soil 
microbial community (Altman and Campbell 1977; Duke 2007). After glyphosate is 
absorbed by the plant foliage and translocated systemically throughout the plant it is 
leached, along with amino acids, into the soil rhizosphere (Bromilow et al. 1993; Kremer 
et al. 2005; Rodrigues et al. 1982). Glyphosate entering the soil either through a 
burndown application, POST application to GRC, or when leached into the rhizosphere 
from root exudates of a glyphosate-treated plant has the potenital to directly impact root 
microbial interactions (Bromilow et al. 1993; Coupland and Caseley 1979; Franco et al. 
2012; Hetherington et al. 1999; Kremer et al. 2005; Laitinen et al. 2007; Rodrigues et al. 
1982; Sprankle et al. 1975a). Kremer et al. (2005) reported that glyphosate was detected 
at concentrations >1,000 ng plant-1 in root exudates of GR soybean 16 days after a 
glyphosate treament.  
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 However, the response of soil microbes exposed to glyphosate differs. Some 
microbes express the EPSPS target enzyme (Bentley 1990; Pollegioni et al. 2011; 
Weaver and Herrmann 1999) and are sensitive to a glyphosate application, while others 
are able to metabolize the herbicide, utilizing the released phosphate or amino acid 
structures as nutrients (Kremer and Means 2005; Liu et al. 1991; Powell and Swanton 
2008). In studies, glyphosate has been shown to inhibit the growth of certain soil bacterial 
species (Liu et al. 1991), yet stimulated the growth and colonization of certain fungal 
species (Descalzo et al. 1998; Kremer and Means 2009; Lévesque and Rahe 1992). This 
varying response to glyphosate has been shown to cause a temporary shift of the soil 
microbial community, increasing the population of soil microbes which utilize glyphosate 
as a food source (Busse et al. 2001). 
 However, the microbial community response to glyphosate is depend on the rate 
of glyphosate being applied and how much actually reaches the soil profile. Glyphosate 
applied at recommended field use rates did not adversely affect the soil microbial 
community structure (Busse et al. 2001; Haney et al. 2000; Lupwayi et al. 2009; Olson 
and Lindwall 1991; Ratcliff et al. 2006; Stratton and Stewart 1992; Wardle and Parkinson 
1990a; Weaver et al. 2007). However, glyphosate applied at high concentrations (>3-fold 
field use rate) has been shown to stimulate microbial biomass, respiration, and activity 
(Busse et al. 2001; Haney et al. 2000; Lane et al. 2012; Ratcliff et al. 2006; Wardle and 
Parkinson, 1990b; Zabaloy et al. 2008). Microbial stimulation after a high rate of 
glyphosate was attributed to microbial degradation of the herbicide by utilizing available 
carbon and nitrogen as a nutritional source, in return stimulating their own growth (Busse 
et al. 2001; Haney et al. 2002).   
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 Kremer et al. (2005) showed that root exudates from glyphosate-treated soybean 
plants stimulated the growth of select Fusarium spp. strains, in vitro. In another study, 
isolations of fungal strains Trichoderma spp. and Penicilium spp. were also shown to 
degrade glyphosate within the soil, surviving solely on phosphorus and carbon as a 
nutritional source (Krzysko-Lupicka and Orlik 1997). Root exudates from glyphosate-
treated common bean (Phaseolus vulgaris L.) significantly increased the germination and 
growth of germ tubes of Pythium ultimum, compared to the exudates from a non-treated 
bean plant (Liu et al. 1997). The root microenvironment of a glyphosate-treated plant 
therefore becomes favorable to microbial populations which can use glyphosate for 
growth and reproduction (Kremer and Means 2009).  
 Soil microbes, specifically pathogens, present in the rhizosphere of a glyphosate-
treated plant increase, allowing for microbial infection and colonization of the roots. 
Increased frequency of soil microbial root colonization in association with a glyphosate 
treatment has been well documented in a number of studies (Descalzo et al. 1998; Johal 
and Rahe 1988; Kremer and Means 2009; Lévesque et al. 1987; Sanogo et al. 2000). 
Kawate et al. (1997) reported that the weed species downy brome (Bromus tectorum L.) 
and henbit (Lamium amplexicaule L.) were susceptible to root colonization by Pythium 
ultimum after a glyphosate treatment. In another study, Fusarium spp. colonization was 
two to five times higher on GR soybean treated with glyphosate than GR soybean and 
non-GR soybean without a glyphosate treatment (Kremer and Means 2009). Pythium spp. 
was also found to colonize glyphosate-treated wheat (Triticum spp.) and common bean 
seedling roots (Lévesque et al. 1993) in a study evaluating the effect of glyphosate on 
fungal colonization. Although the direct effect of glyphosate on soil microbes and root 
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colonization has been studied on model plants, it is unknown if the changes in the root 
rhizosphere and microbial community are short term or long term effects, taking into 
account the amount of glyphosate used year after year. 
1.3.2. Glyphosate’s Effect on Plant Diseases 
 Glyphosate also directly effects plant disease by predisposing plants to pathogen 
infection via suppression of plant defense responses. Inhibition of aromatic amino acid 
production after a glyphosate application disrupts the production of many important 
secondary metabolites and essential plant compounds, including compounds involved in 
defense and signaling mechanisms against soil-borne pathogens (Altman and Campbell 
1977; Johal and  Huber 2009). Therefore a glyphosate-treated plant is more susceptible to 
microbial root infection (Johal and Rahe 1984, 1990; Keen et al. 1982; Liu et al. 1995, 
1997; Sharon et al. 1992).  
Sublethal doses of glyphosate reduced the accumulation of phytoalexins, which 
increased the susceptibility of soybean to Phytophthora megasperma f. sp. glycines 
(Keen et al. 1982), common bean to Colletotrichum lindemuthianum (Johal and Rahe 
1988; 1990), and sicklepod [Senna obtusifolia (L.) H.S. Irwin and Barneby] to Alternaria 
cassia (Sharon et al. 1992). Glyphosate was also shown to predispose plants to Pythium 
spp. infection by causing a decrease in lignin defense mechanisms in bean plants, which 
are essential for cell wall and infection site integrity (Liu et al. 1997; Liu et al. 1995). In 
non-glyphosate treated bean plants, lignin content in root exudates increased in response 
to Pythium spp. inoculation; yet when glyphosate was applied two days before exposure 
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to Pythium spp., lignin was not produced by the roots therefore allowing Pythium spp. 
root colonization to be greater in the glyphosate-treated plants.  
1.3.3. Soil Microorganisms Role in Glyphosate Efficacy 
Soil microbes can also act as glyphosate synergists, colonizing glyphosate-treated 
plant roots and increasing glyphosate activity (Johal and Rahe 1984; Lévesque and Rahe 
1992). Lévesque and Rahe (1992) reported that between 15- and 20- fold more 
glyphosate was required to kill common bean seedlings grown in autoclaved soil, which 
was free of plant pathogens, as compared to seedlings grown in unsterile soil. Pythium 
spp. isolates enhanced glyphosate activity by 20- to 50- fold in sunflower (Helianfhus 
annuus L. cv. Sunwheat 101) seedlings, and 6- to 30- fold in pepper (Capsicum 
frutescens cv. California Wonder) seedlings (Descalzo et al. 1996). These findings 
suggest the cause of death in plants treated with glyphosate involved more than the direct 
metabolic consequences of aromatic amino acid depletion, suggesting that the 
predisposition of plants to pathogen infection can be very important.   
Survival of plants treated with glyphosate when grown in sterile soil was first 
demonstrated by Johal and Rahe (1984) in the survival of bean seedlings, and later 
described by Rahe et al. (1990) as a synergistic relationship between soil-borne fungi and 
glyphosate. Control of bean seedlings with low rates of glyphosate required synergistic 
fungi; however, without synergistic fungi, glyphosate could still kill the plants with a 
higher dose. Johal and Rahe (1984) observed that a lethal dose of glyphosate did not kill 
bean seedlings when grown in the absence of plant pathogens. After inoculation of heat 
sterilized soil and vermiculite with both Pythium spp. and Fusarium spp., glyphosate’s 
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lethal activity was retained (Johal and Rahe 1984). Smith and Hallett (2006) also 
demonstrated that the lethal rate of glyphosate on common waterhemp was reduced by 
half when conidia spores of the fungal plant pathogen Microsphaeropsis amaranthi were 
applied one to three days after a glyphosate treatment. The glyphosate application 
predisposed common waterhemp to fungal infection, therefore improving weed control 
by glyphosate at low rates. 
It has been noted in recent research that weeds species respond differently to 
glyphosate in field and greenhouse dose-response experiments. Stachler (2008) reported 
that when screening giant ragweed biotypes for resistance to glyphosate in the 
greenhouse, the GR50 (growth reduction of 50%) values for the GS  population were 
higher than what would be expected under field conditions. Westhoven et al. (2008) 
showed that the dose of glyphosate required to achieve a GR50 in a glyphosate-tolerant 
(GT) common lambsquarters biotype was 1.48 to 3.22 kg ae ha-1 in the greenhouse, but 
only 0.060 kg ae ha-1 in the field. Similarly, the GR50 of a GS common lambsquarters 
biotype was 0.57 kg ae ha-1 in the greenhouse and only 0.036 kg ae ha-1 in the field. Soil 
used in greenhouse and field experiments differs, as greenhouse potting soil is typically 
free of pathogenic organisms. As discovered from previous research, glyphosate efficacy 
is strongly influenced by root invading soil microorganisms.  
The interaction among plants, glyphosate, and soil microorganisms has been 
studied in a number of crops, but not in weeds. This is surprising, since the soil biotic 
environment has an impact on the activity of this important herbicide. Glyphosate 
applications may cause changes in soil microbe populations and inoculum levels within 
the soil, which could have an effect on weed-pathogen interactions. Through selection 
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pressure, weeds may evolve resistance to pathogens that have developed a synergistic 
relationship with glyphosate, aiding in the resistance of weeds to glyphosate. The 
interaction of soil microbes with GR and GS weed species has not been well studied. 
Gaining a better understanding of these interactions will shed more light on the 
performance of glyphosate in the field and the ability of various weed species to 
withstand a glyphosate application. It may be possible that glyphosate induced evolution 
in the plant-microbe relationship may play a role in the evolution of weed resistance to 
glyphosate.  
1.4. Summary of Literature Review 
In summary, glyphosate is an effective, broad-spectrum, environmentally benign, 
herbicide that is widely used in the U.S. and throughout the world for weed control. The 
introduction and rapid adoption of GRC caused glyphosate to be used continuously on 
many acres of land, resulting in the evolution of GR weed species. The mechanisms of 
resistance that have been documented include target-site and non-target-site resistance. 
However, for most GR biotypes, the mechanism of resistance has not been fully 
described.  The mode of action of glyphosate inhibits the EPSPS enzyme within the 
shikimate pathway, causing a decrease in secondary metabolite production. Due to the 
suppression of secondary metabolites, the defense mechanisms of a plant treated with 
glyphosate is suppressed, therefore predisposing a glyphosate-treated plant to pathogen 
infection. Glyphosate plays a direct role in the inhibition or stimulation of soil microbes, 
and also an indirect role in plant disease susceptibility. Pathogen infection has been 
shown to play a role in glyphosate efficacy in common bean seedlings due to glyphosate 
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induced reduction in defense compounds. Soil microorganisms have also been shown to 
play a role in the efficacy of glyphosate on weed species. Therefore, the interaction 
between weeds, soil microbes, and glyphosate may play an important role in glyphosate-
resistance. As weeds are able to evolve resistance to glyphosate, they may also evolve 
resistance to synergistic microbes. Knowledge on the interaction of glyphosate and soil 
microbes within the rhizosphere of a weed species is lacking. In order to further 
understand the evolution of GR in various weed species and improve control methods, 
the interaction of glyphosate and soil microbes needs to be investigated further. 
1.5. Research Objectives 
 The overall objective of this research was to investigate the role of soil 
microorganisms in the resistance of weeds to glyphosate. The hypothesis tested was that 
resistance to glyphosate is not only due to the evolution of the plants resistance to the 
primary mode of action of glyphosate, but also the evolution of resistance to pathogens; 
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 RESPONSE OF GIANT RAGWEED, HORSEWEED, AND COMMON 
LAMBSQUARTERS BIOTYPES TO GLYPHOSTAE IN THE PRESENCE AND 
ABSENCE OF SOIL MICROORGANISMS 
2.1. Abstract 
In previous research conducted on nonweed species, the efficacy of glyphosate 
was shown to be greater in unsterile soils compared to sterile soils, and soil 
microorganisms were found to play an important role in glyphosate efficacy. Conducting 
greenhouse studies in microbe-free soil may therefore produce unreliable data, leading to 
erroneous conclusions. The objective of this study was to determine the effect of soil 
microorganisms on the response of glyphosate-resistant and -susceptible biotypes of three 
problematic weeds of the midwestern United States: giant ragweed, horseweed, and 
common lambsquarters. A greenhouse dose–response study was conducted on each of the 
three weed species grown in sterile and unsterile field soil, and the dry weight response of 
roots and shoots was measured. The three weed species responded differently to 
glyphosate when grown in the sterile and unsterile soil; that is, in the presence and 
absence of soil microbes. Soil microbes influenced the response of the susceptible and 
resistant giant ragweed biotypes and the susceptible common lambsquarters, but not the 
tolerant common lambsquarters or either horseweed biotype. The different responses of 
the three species to glyphosate in the presence and absence of soil microbes demonstrates 
that rhizosphere interactions are fundamental to the mode of action of glyphosate.    
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These findings suggest that the range of tolerance to glyphosate observed in weeds and 
the evolution of resistance in weed biotypes may also be influenced by rhizosphere 
interactions. The soil media used in dose–response screenings to identify susceptible and 
resistant weed biotypes is very important. Unsterile field soil should be incorporated into 
growth media when conducting dose–response screenings to avoid false-positive results. 











 Glyphosate is an environmentally benign, POST herbicide that provides broad-
spectrum weed control in glyphosate-resistant crops (Cerdeira and Duke 2006; Duke and 
Powles 2008). Glyphosate has a unique and specific mode of action, blocking the enzyme 
5-enolpyruvylshikimate-3-phosphate synthase within the shikimate pathway (Steinrücken 
and Amrhein 1980) and thus inhibiting the biosynthesis of aromatic amino acids (Duke 
and Powles 2008). Glyphosate use has increased drastically since 1996 due to the rapid 
adoption of glyphosate-resistant crop technology (Cerdeira and Duke 2006), and this has 
contributed to the evolution of glyphosate resistance in 24 different weed species 
worldwide (Heap 2013; Powles and Preston 2006). 
 In the United States, populations of glyphosate-resistant giant ragweed and 
horseweed are present in a total of 11 and 20 states, respectively (Heap 2013). In recent 
surveys, these weeds were identified by midwestern U.S. corn and soybean producers as 
two of the three most problematic weeds (Kruger et al. 2009). In 2005, 23% of the 
farmers surveyed in Indiana identified horseweed as a problematic winter annual, while 
29% identified giant ragweed as a problematic summer annual (Gibson et al. 2005). 
Common lambsquarters was also identified as problematic by 14% of farmers surveyed, 
due to poor control with glyphosate (Gibson et al. 2005). Glyphosate-insensitive weeds 
have become increasingly common throughout the midwestern cropping systems. 
Greenhouse dose–response screenings are the most common method of testing 
weeds for herbicide resistance. However, researchers have reported a differential 
response of weed species to glyphosate between greenhouse and field experiments. 
Stachler (2008) reported that when screening giant ragweed biotypes for resistance to 
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glyphosate in the greenhouse, the GR50 (growth reduction of 50%) values for the 
sensitive population were higher than what would be expected under field conditions. 
Westhoven et al. (2008b) showed that the dose of glyphosate required to achieve a GR50 
in a glyphosate-tolerant common lambsquarters biotype was 1.48 to 3.22 kg ae ha−1 in the 
greenhouse, but only 0.060 kg ae ha−1 in the field. Similarly, the GR50 of a glyphosate-
susceptible common lambsquarters biotype was 0.57 kg ae ha−1 in the greenhouse and 
only 0.036 kg ae ha−1 in the field. Researchers conducting greenhouse dose–response 
studies to diagnose glyphosate resistance have used many different types of soil media, 
but most commonly use some type of commercial potting medium that is largely free of 
fungal plant pathogens (Ingram et al. 1993). 
 Environmental conditions play a large role in the activity of glyphosate. In 
particular environmental conditions that support active plant growth and photosynthetic 
translocation tend to support glyphosate efficacy (Sprankle et al. 1975). The uptake and 
translocation of radioactive 14C-glyphosate was greater at 22 C than 35 C and increased 
as relative humidity increased in Florida beggarweed [Desmodium tortuosum (Sw.) DC.] 
(Sharma and Singh 2001). Visible glyphosate injury to Bermudagrass [Cynodon dactylon 
(L.) Pers.] (Jordan 1977) and 14C-glyphosate translocation in cotton (Gossypium hirsutum 
L.) (Wills 1978) was greater at 100% relative humidity compared to 40% relative 
humidity. Also known, but less frequently cited, is that glyphosate efficacy is strongly 
influenced by root-invading soil microorganisms. 
The effect of soil microbes have been investigated in detail in model species, such 
as beans (Phaseolus vulgaris L.) (Johal and Rahe 1984; Lévesque and Rahe 1992), but 
not in weeds. Lévesque and Rahe (1992) reported that between 15- and 20-fold more 
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glyphosate was required to kill bean seedlings in autoclaved soil free of plant pathogens, 
as compared to seedlings in unsterile soil. When the fungal pathogens Pythium sp. and 
Fusarium sp. were added to sterile soil, injury caused by glyphosate was greater on bean 
seedlings (Johal and Rahe 1988). Pythium isolates enhanced glyphosate activity by 20- to 
50-fold in sunflower (Helianthus annuus L. cv. Sunwheat 101) seedlings, and 6- to 30-
fold in pepper (Capsicum frutescens L. cv. California Wonder) seedlings (Descalzo et al. 
1996). These findings suggest the cause of death in plants treated with glyphosate 
involves more than the direct metabolic consequences of aromatic amino acid depletion 
and the predisposition of plants to pathogens can be very important. 
 The aromatic amino acids produced by the shikimate acid pathway serve as 
precursors for a suite of phenolic compounds including auxins, phenolic phytoalexins, 
and lignins, all of which are important for defense against soil-borne plant pathogens 
(Altman and Campbell 1977). Glyphosate can reduce the synthesis of these compounds, 
predisposing the plant to pathogens and other stresses (Altman and Campbell 1977; 
Pline-Srnic 2005). Sublethal doses of glyphosate increased the susceptibility of bean 
seedlings to bean anthracnose [Colletotrichum lindemuthianum (Sacc. and Magnus) 
Lams.-Scrib.] and Pythium root rot (caused by Pythium spp.) (Johal and Rahe 1988). 
 The interaction among plants, glyphosate, and soil microorganisms has been 
studied in a number of crops, but not in weeds. This is surprising since the soil biotic 
environment has a strong impact upon the activity of this important herbicide. Gaining a 
better understanding of these interactions will shed more light on the performance of 
glyphosate in the field. It will also assist in the development of more reliable dose–
response screenings and give insight into the ability of various weed species to withstand 
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a glyphosate application. It is possible, for example, that the evolution in the plant–
microbe relationship may play a role in the evolution of resistance to glyphosate. The 
objective of this research was to investigate if soil microorganisms influence the efficacy 
of glyphosate in weed species. A greenhouse dose–response study was conducted to 
characterize the response of known glyphosate-resistant and -susceptible giant ragweed 
and horseweed and glyphosate-tolerant and -susceptible common lambsquarters in the 
presence and absence of soil microorganisms. 
2.3. Materials and Methods 
2.3.1. Soil Sterilization Procedure 
 Field soil used throughout this study was collected in August 2009 from 
Throckmorton-Purdue Agricultural Center in Lafayette, Indiana. Topsoil was taken to a 
depth of 20 cm from a field in which glyphosate-resistant corn had been grown in the 
previous season. The soil was dried in the greenhouse (27/14 C day/night), ground to 
remove large debris, and packaged into 11.35-L plastic storage containers (Sterilite 
Corporation, Townsend, MA). Half of the field soil containers were sterilized using 
gamma irradiation (γ-irradiation) (STERIS Isomedix Services, STERIS Corporation, 
Mentor, OH) and the others were not sterilized. Soil was confirmed sterile by soil serial 
dilution plating technique according to the Miles-Misra method (Corry 1982). Soil 
samples were diluted in sterile distilled water and spread onto potato dextrose agar 
(DifcoTM potato dextrose agar, Becton, Dickinson and Company, Sparks, MD) and 
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incubated at 25 C for 72 h, after which colony-forming units per gram of soil were 
calculated. The γ-irradiated soil was not completely sterile but contained extremely low 
microbial numbers, very few microbial species, and no fungi. The dry soils were stored at 
10 C in the dark until use to prevent microbial activity. 
 We chose γ-irradiation as our method for soil sterilization because it was reported 
to cause less change to the nutrient balance of the soil then other sterilization methods, 
such as autoclaving (Berns et al. 2008). Nonetheless, soil samples were analyzed (A&L 
Great Lakes Laboratories, Fort Wayne, IN) for nitrate, ammonium, phosphorus, 
potassium, magnesium, and manganese concentrations. Phosphorus, magnesium, and 
manganese concentrations were unaltered by γ-irradiation, compared to the unsterile soil 
(A.1). Ammonium concentrations were increased, and nitrate concentrations decreased 
when soil was γ-irradiated (Table A.1). A number of studies have reported that a decrease 
in nitrate after γ-irradiation maybe due to the fact that nitrifying bacteria are more 
sensitive to γ-irradiation than ammonifying bacteria (McNamara et al. 2003; Thompson 
1990). 
 Therefore, plant tissue nitrogen content of both biotypes of each weed was also 
tested to determine if differences in plant nitrogen was influenced by γ-irradiated soil. 
Whole plant samples were cut at the soil line and dried for 5 d in a forced air dryer at 50 
C. Dried plant samples were ground and analyzed for total Kjeldahl nitrogen (Isaac and 
Johnson 1976). Where differences in tissue nitrogen content were found, they showed 
that plants grown in the γ-irradiated soil generally had greater nitrogen concentration 
(Table A.2). However, in our studies nitrogen concentration did not influence plant 
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response to glyphosate, unlike findings reported by other researchers (Mithila et al. 
2008). 
2.3.2. Greenhouse Dose–Response Study  
 Biotypes of glyphosate-resistant and glyphosate-susceptible giant ragweed 
(Stachler 2008), horseweed (Davis et al. 2008), and glyphosate-tolerant and glyphosate-
susceptible common lambsquarters (Westhoven et al. 2008a) were characterized 
previously through greenhouse dose–response studies. Tolerance, referring to the 
common lambsquarters biotype, is defined as an inherent ability to survive and reproduce 
after a herbicide application, implying that there was no selection or genetic manipulation 
to make the plant tolerant; it is naturally tolerant (WSSA 1998). The biotypes of each 
weed species exhibiting the highest level of glyphosate resistance or tolerance and 
susceptibility were used throughout this study. Seeds of each species were stored at 4 C, 
sown in commercial potting soil (Sun Gro Redi-earth plug and seedling mix, Sun Gro 
Horticulture, Bellevue, WA), and grown in the greenhouse. Plants were grown under 
natural lighting supplemented with high-pressure sodium lamps that provided 400 µmol 
m−2 s−1 photosynthetic photon flux density with a 16-h photoperiod. Greenhouse day and 
night temperatures were maintained at 28 and 17 C. Plants were watered daily and 
fertilized weekly with a commercial 24–8–16 fertilizer (Miracle-Gro Water Soluble All 
Purpose Plant Food, Scotts Miracle-Gro Products Inc., Marysville, OH). At seedling 
transplant, roots were dipped into a 0.05% sodium hypochlorite (bleach) solution (Clorox 
Regular Bleach, The Clorox Company, Oakland, CA) for surface disinfection and washed 
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before being planted into individual sterilized 106.5-cm3 cones (Ray Leach Cone-tainer, 
Stuewe & Sons, Inc., Tangent, OR) containing either sterile or unsterile field soil. 
2.3.2.1. Giant Ragweed 
The glyphosate-resistant giant ragweed seed was collected from Noble County, 
Indiana, and the glyphosate-susceptible biotype from Darke County, Ohio (Stachler 
2008). Giant ragweed seeds were pregerminated by burying wire mesh bags containing 
seed in a field soil : sand mixture at 4 C for 4 to 6 wk (Westhoven et al. 2008a). After 
dormancy was broken, seeds were imbibed on moist paper towels for 24 h (Brabham et 
al. 2011) and then planted approximately 1 cm deep in commercial potting soil and 
transplanted as described in Greenhouse Dose–Response Studies upon the appearance of 
the first true leaves. Glyphosate was applied at the three- to four-node growth stage. 
2.3.2.2. Horseweed 
The glyphosate-resistant and glyphosate-susceptible horseweed seed populations 
were collected from locations in Indiana and Ohio, respectively (Davis et al. 2008). 
Horseweed seed was planted on the surface of commercial potting soil. Seeds were 
bottom watered daily and transplanted when four to five true leave were visible. 






2.3.2.3. Common Lambsquarters 
The glyphosate-tolerant biotype of common lambsquarters was collected from 
Ripley County, Indiana, and the glyphosate-susceptible biotype from Jefferson County, 
Indiana (Westhoven et al. 2008b). Common lambsquarters seed was soaked in 95.9% 
sulfuric acid (Mallinckrodt Baker, Inc., Phillipsburg, NJ) for 15 min, washed with 
running water for 45 min, and dried for 24 h at approximately 24 C (Westhoven et al. 
2008a). Seeds were planted 0.5 cm deep into commercial potting soil and transplanted 
when plants reached the two- to three-node growth stage. Glyphosate was applied at the 
seven- to eight-node growth stage. 
2.3.2.4. Glyphosate Application 
Each dose–response experiment was conducted as a randomized complete block 
design with a three-way factorial arrangement; factors were field soil, biotype, and 
glyphosate rate. Weed species were evaluated in separate experiments. Each experiment 
included four replications of each treatment. The experiment was run three times with 
giant ragweed and horseweed, and twice with common lambsquarters. When plants 
grown in sterile and unsterile field soil reached the appropriate growth stage they were 
treated with 0, 0.21, 0.42, 0.84, 1.68, 3.36, 6.72, or 13.44 kg ae ha−1 of glyphosate (giant 
ragweed) and (common lambsquarters), and with an additional rate of 26.88 kg ae ha−1 of 
glyphosate for horseweed. Recommended rates for control of these weeds fall in the 
range of 0.84 to 1.68 kg ae ha−1 of glyphosate. Glyphosate treatments were prepared from 
a mixture of technical-grade solution of the isopropylamine salt of glyphosate and a 
solution of the formulation blank of Glyphomax Plus (Glyphomax Plus®, DOW 
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AgroSciences LLC, Indianapolis, IN), as described by Smith and Hallett (2006). A fixed 
concentration of the formulation blank solution equivalent to the concentration found in a 
0.84 kg ae ha−1 rate of the formulated Glyphomax Plus was used in all treatments to 
ensure that the concentration of adjuvants remained constant as glyphosate concentrations 
varied (Smith and Hallett 2006). All treatments were applied with 2.8 kg ha−1 ammonium 
sulfate (AMS) (N-PAK, Winfield Solutions, LLC, St. Paul, MN) and 0.5% v/v nonionic 
surfactant (NIS) (Preference, Winfield Solutions, LLC). The control treatment received 
the fixed concentration of formulation blank, AMS, and NIS without glyphosate. The 
treatments were applied using a laboratory compressed-air spray chamber calibrated to 
deliver 190 L ha−1 carrier volume at a pressure of 230 kPa using a 8002EVS nozzle 
(TeeJet Technologies, Wheaton, IL). At 21 d after glyphosate treatment (DAT) for giant 
ragweed and common lambsquarters and 14 DAT for horseweed, living shoot biomass 
and root tissue were harvested separately and dried for 5 d in a forced air dryer at 50 C. 
Individual plant shoot and root tissue were weighed separately to determine plant dry 
weight.  
2.3.3. Statistical Analysis 
 Dose–response shoot and root dry weight of individual plants were converted to a 
percentage of the untreated control. Prior to analysis percentages of untreated control data 
were checked for normality and constant variance in SAS. Normality assumptions were 
met, therefore data were not transformed. An interaction between experiments was 
absent, so data from all experiments were pooled for each weed species. Untransformed 
dry weight data were fit to a dose–response curve using a nonlinear regression model 
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with the drc package in R software (R 2.10, Kurt Hornik, http://www.R-project.org) 
(Knezevic et al. 2007). The dose–response curve for each weed species was constructed 
using the three-parameter log-logistic model in Equation 1. 
       Y = d/1 + exp{b[log x − log (e)]}                      [1] 
In Equation 1, the parameter d is the upper limit, b is the relative slope around e, 
and e is the dose producing a response halfway between the upper limit (d) and the lower 
limit (c) fixed at zero. A lack-of-fit test indicated that the model accurately described the 
data for each weed species. Growth reductions for dry weights were calculated as GR50 
and GR90, indicating a 50% or 90% decrease in plant growth compared to the untreated 
control. To identify significant differences among treatments, dose–response curves 
between treatments were compared at the GR50 and GR90 using the selective index (SI) in 
Equation 2. 
       SI (x, y) = GRx/GRy                                  [2] 
The ratio between the growth reduction (GRx) for one curve and GRy for another 
curve was calculated at α = 0.05 (Ritz and Streibig 2007).     
2.4. Results and Discussion 
2.4.1. Greenhouse Dose–Response Study 
 The dose–response curves for each weed biotype produced a characteristic 
sigmoid S-shaped curves, fitting the models adequately. As the glyphosate rate increased, 
the percentage of dry weight decreased for both the susceptible and resistant biotypes. 
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Previously identified resistant or tolerant biotypes used in our experiments showed a 
decreased response to glyphosate, compared to the susceptible biotypes. 
2.4.1.1. Giant Ragweed 
Both biotypes grown in the sterile soil had more shoot dry weight at 21 days after 
glyphosate treatment, compared to plants grown in the unsterile soil. The dose of 
glyphosate required to achieve GR50 of the susceptible biotype grown in the sterile (SS) 
and unsterile (SU) soil were 2.6 and 0.3 kg ae ha−1, respectively (Table 2.1). The resistant 
biotype GR50 values were 3.0 and 0.7 kg ae ha−1 when grown in the sterile (RS) and 
unsterile (RU) soil, respectively (Table 2.1). A difference was observed when comparing 
the dose–response curves at the GR50 of the SS and SU (P = 0.0008), yet was not 
observed in comparing the RS and RU (P = 0.0796) (Table 2.2). Interestingly, the GR50 
values of SS and RS were not different (P = 0.7314) (Table 2.2), revealing that the 
response to glyphosate between the two biotypes was similar when grown in the sterile 
soil. The GR90 values for giant ragweed are not presented because they could not be 
accurately predicted from the model generated because the highest rate of glyphosate 
used, 13.44 kg ae ha−1, did not kill 90% of the plants in all treatments. The shoot dry 
weight response of the SS was similar to the response of the RS at glyphosate rates up to 
3.36 kg ae ha−1 and significant injury and death were observed in the SS at a rate of 6.72 
kg ae ha−1 (Figure 2.1). A higher rate of glyphosate was required to kill the susceptible 
biotype when grown in sterile soil (Figure 2.2). Surviving SS plants previously treated 
with a 0.84 and 1.68 kg ae ha−1 of glyphosate were able to continue growing from 
axillary buds and set seed, yet SS plants that survived a rate higher than 3.36 kg ae ha−1 
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were severely stunted and did not continue to grow or produce seed. The shoot dry 
weight accumulation of SU plant decreased after a glyphosate application of only 0.42 kg 
ae ha−1 and plant death occurred at a rate of 3.36 kg ae ha−1 (Figure 2.2). At a commonly 
used rate of glyphosate in the field (0.84 kg ae ha−1) the susceptible biotype was able to 
survive when grown in sterile soil, visually comparable to the resistant biotype grown in 
sterile soil (Figure 2.3). This may lead to inaccurate conclusions when screening giant 
ragweed biotypes for glyphosate-resistance in the greenhouse using commercial potting 
soil free of soil microbes. 
 The effect of the sterile and unsterile soil on the response of each biotype to 
glyphosate was less evident in the root dry weight data. This was partly due to difficulty 
of harvesting root tissue because some tissue was lost during root washing and was not 
accounted for in the dry weight measurement. The GR50 of the SS and SU root tissue 
were 1.1 and 0.2 kg ae ha−1, respectively (Table 2.3). Roots of the SU were necrotic and 
macerated at 21 DAT, while the roots of the SS appeared healthy following a glyphosate 
application when compared to treatment controls (Figure 2.4). The GR50 of the RS and 
RU were 1.2 and 1.1 kg ae ha−1, respectively (Table 2.3). Root tissue damage and 
necrosis were not observed in the resistant biotype, regardless of the presence or absence 
of soil microbes within the soil (Figure 2.4). In comparing GR50 estimates, the SU was 
found to be different than both the RS and RU, while the SS root tissue responded similar 
to the RS and RU (Table 2.4). 
 From these data and observations we can hypothesize that there was a lack of 
microbial root infection following glyphosate application in the RS and SS treatments, 
and this had a large effect on the survival of plants. Soil microorganisms play an 
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important role in the activity of glyphosate on giant ragweed, presumably by causing root 
infection, therefore aiding in plant death. 
2.4.1.2. Horseweed 
The resistant biotype had a greater amount of biomass than the susceptible 
biotype across all glyphosate rates, but biotypes grown in the sterile soil and unsterile soil 
responded similarly (Figure 2.5). The GR50 values of the susceptible biotype grown in 
sterile soil (SS) and unsterile soil (SU) were 0.9 and 0.8 kg ae ha−1 (Table 2.1), 
respectively; which is comparable to a field use rate. The GR90 values for the SS and SU 
were 22.3 and 22.7 kg ae ha−1, respectively (Table 2.1). The resistant biotype required the 
highest dose of glyphosate to achieve both a GR50 and GR90. The GR50 values of the 
resistant biotype were 7.4 and 6.8 kg ae ha−1 of glyphosate when grown in the sterile (RS) 
and unsterile soil (RU), respectively (Table 2.1). The GR90 values for the RS and RU 
were 42.4 and 30.8 kg ae ha−1, respectively (Table 2.1). Comparisons of the dose–
response curves at the GR50 and GR90 indicated that differences were only observed at the 
GR50 between biotypes, with all biotype differences having a P = 0.0001 (Table 2.2); 
therefore, soil microbes did not play a role in glyphosate efficacy in this species. 
 The root dry weight responses for horseweed showed the same trends as for shoot 
dry weights. Differences in root dry weight within each biotype grown in the sterile and 
unsterile soil were not observed (Table 2.4), indicating that the roots responded similarly 
to glyphosate in the presence and absence of soil microbes. 
 These results indicate that soil microorganisms did not play a role in glyphosate 
efficacy on horseweed in comparison to giant ragweed. The soil used in this study may 
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not have contained high enough populations of soil microbes that are pathogenic to 
horseweed, which may partly explain the results obtained from this study. But, since the 
same soil was used to test all species, we hypothesize that horseweed does not interact 
with soil microbes in the same way, and a synergistic relationship with glyphosate and 
soil microbes may be absent from this species. 
2.4.1.3. Common Lambsquarters 
The presence or absence of soil microbes contributed to the level of tolerance to 
glyphosate in the susceptible biotype but not the tolerant biotype. The GR50 values for the 
tolerant biotype grown in the sterile soil (TS) and the tolerant biotype grown in the 
unsterile soil (TU) were 0.6 and 0.4 kg ae ha−1, respectively (Table 2.1). The GR90 values 
for both the TS and TU were 2.1 kg ae ha−1 (Table 2.1). Comparisons of the TS and TU 
dose–response curves at the GR50 and GR90 revealed that the tolerant biotype responded 
the same to glyphosate regardless of the soil it was grown in (Table 2.2). The GR50 values 
for the susceptible biotype grown in the sterile soil (SS) and the susceptible biotype 
grown in the unsterile soil (SU) were 0.5 and 0.1 kg ae ha−1, respectively (Table 2.1). The 
GR90 values for the SS and SU were 2.8 and 0.3 kg ae ha−1, respectively (Table 2.1). The 
GR50 and GR90 values for the SS were similar to a greenhouse dose–response study 
conducted on the same susceptible common lambsquarters biotype grown in commercial 
potting media; Westhoven et al. (2008b) reported a GR50 and GR90 of 0.57 and 2.39 kg ae 
ha−1, respectively. In the field, this same biotype exhibited decreased GR50 and GR90 
values of 0.036 and 0.19 kg ae ha−1, respectively (Westhoven et al. 2008b). Dry weight of 
the SU was reduced 75% by the lowest glyphosate rate used, 0.21 kg ae ha−1, yet dry 
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weight of the SS was reduced only 40% by the same glyphosate rate (Figure 2.6). The SS 
had a greater amount of dry weight than the SU throughout all glyphosate rates tested 
(Figure 2.6). However, differences were not found between the SS and SU dose–response 
curve at the GR50 (P = 0.1593) and GR90 (P = 0.0602) (Table 2.2). Due to the levels of 
control of the SU at the lowest rate of glyphosate used in this study, the dose–response 
curve lacked data points to accurately predict the GR50 values to separate the SS from the 
SU. 
Interestingly, when comparing the dose–response curve at the GR50 and GR90, SS 
responded to glyphosate similar to both TS and TU. The level of glyphosate tolerance in 
the tolerant biotype was not affected by soil microbes, yet the susceptible biotype was 
more tolerant to glyphosate when grown in the absence of soil microbes. Glyphosate 
dose–response screenings conducted on common lambsquarters grown in sterile soil or 
potting media could therefore give a false resistance diagnosis. 
 The root dry weight data for common lambsquarters demonstrated that each 
biotype growing in the sterile soil required a greater amount of glyphosate to cause root 
damage, shown by the GR90 for each biotype. The SS and SU had the same GR50 values 
of 0.2 kg ae ha−1, while the GR90 values were 4.4 and 0.4 kg ae ha−1 (Table 2.4). The TS 
and TU GR50 values were 0.6 and 0.4 kg ae ha−1, and the GR90 values were 4.5 and 2.0 kg 
ae ha−1, respectively (Table 2.4). The greater GR90 values for both the SS and TS are 
hypothesized to be due to root regrowth at the crown of the stem. It was observed at 21 
DAT that biotypes grown in sterile soil were able to regrow lateral roots while losing the 
lower roots to glyphosate damage, which possibly contributed to plant survival. Root 
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survival of the SS may have contributed to the lack of reduction in dry weight, allowing 
the SS to respond to glyphosate similar to both the TS and TU. 
 When comparing the response of giant ragweed, horseweed, and common 
lambsquarters biotypes to glyphosate when grown in sterile and unsterile soils, we find 
that the three weed species responded very differently. In previous research, 
inconsistency in glyphosate efficacy between weed species has been attributed to various 
environmental conditions and plant parameters at the time of glyphosate application. 
Plant height and growth stage at the time of glyphosate application was shown to affect 
the susceptibility and tolerance of common lambsquarters (Schuster et al. 2007; Sivesind 
et al. 2011). Differences in soil moisture affected glyphosate absorption and translocation 
(Moosavi-Nia and Dore 1979; Waldecker and Wyse 1985), and temperature and relative 
humidity influenced uptake and translocation of glyphosate (Sharma and Singh 2001). 
Throughout this study, greenhouse environmental conditions, daily watering, weekly 
fertilizing, plant height, and growth stage at the time of glyphosate application were all 
monitored and kept constant across experiments. The soil in which the plants were 
grown, specifically the presence or absence of soil microorganisms, appeared to play a 
vital role in glyphosate efficacy on both biotypes of giant ragweed and susceptible 
biotype of common lambsquarters. 
 Survival of plants treated with glyphosate when grown in sterile soil was first 
demonstrated by Johal and Rahe (1984) in the survival of bean seedlings, and later 
described by Rahe et al. (1990) as a synergistic relationship between soil-borne fungi and 
glyphosate. Control of bean seedlings with low rates of glyphosate required synergistic 
fungi; however, without synergistic fungi, glyphosate could still kill the plants with a 
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higher dose. Smith and Hallett (2006) also demonstrated that the lethal rate of glyphosate 
on common waterhemp (Amaranthus rudis Sauer) was reduced by half when conidia 
spores of the fungal plant pathogen Microsphaeropsis amaranthi was applied 1 to 3 
DAT. The glyphosate application predisposed common waterhemp to fungal infection, 
therefore increasing weed control by glyphosate at low rates. Glyphosate was shown to 
predispose plants to Pythium sp. infection by causing a decrease in lignin defense 
mechanisms in bean plants (Liu et al. 1995, 1997). In non–glyphosate-treated bean plants 
lignin content in root exudates increased in response to Pythium sp. inoculation, when 
glyphosate was applied 2 d before exposure to Pythium sp. lignin was not produced by 
the roots, therefore allowing Pythium sp. root colonization to be greater in the 
glyphosate-treated plants. A sublethal dose of glyphosate also suppressed phytoalexin 
synthesis 12 h after application in sicklepod [Senna obtusifolia (L.) H. S. Irwin and 
Barneby], rendering the plant susceptible to the fungal pathogen Alternaria cassia 
(Sharon et al. 1992). Increased glyphosate efficacy for specific weed species when grown 
in unsterile soil compared to sterile soil may be due to soil microbial root infection aiding 
in the herbicidal activity of glyphosate. 
 In conclusion, based on the data and observations on the specific soil type and 
biotypes used in this study, soil media used in dose–response screenings to identify 
susceptible and resistant weeds is very important. Unsterile field soil should be used 
when conducting dose–response screenings for glyphosate resistance. Continuing 
research will investigate if giant ragweed and common lambsquarters have a unique 




 Plant rhizosphere relationships with soil microbes are extremely complex and 
differ between plant species. This may explain variations in glyphosate efficacy between 
weed species and biotypes within a species. We hypothesize that the complex dynamics 
of rhizosphere relationships may have greater importance to the weed–glyphosate 
interaction than previously acknowledged. Reductions in the response of weed species to 
glyphosate, the evolution of resistance, may be subject to evolution in soil microbes. 
Changes in microbial root infection or elevated levels of tolerance to soil microbes may 
play a role in resistance to glyphosate. Understanding the relationship between soil 
microbes and the herbicidal activity of glyphosate may provide insight to the evolution of 
resistance to glyphosate in weed species.    
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 Table 2.1 Regression parameter estimates of dose–response curves for shoot dry weight tissue using a three-parameter logistic  
model (Equation 1) in dose–response study conducted in sterile and unsterile field soil.a 
 
  Regression parametersa  
Weed species Biotype Soil  b d GR50 (SE)a GR90 (SE)a 
Giant ragweed   ______________ kg ae ha -1_____________ 
 Susceptible Sterile  1.11       102.16 2.6 (0.5) - 
 Susceptible Unsterile  1.32  99.12 0.3 (0.1) - 
 Resistant Sterile  0.63  98.30 3.0 (1.0) - 
 Resistant Unsterile  0.65  99.84 0.7 (0.2) - 
Horseweed   
 Susceptible Sterile  0.68  98.39 0.9 (0.4) 22.3 (16.4) 
 Susceptible Unsterile  0.65  99.91 0.8 (0.4) 22.7 (17.9) 
 Resistant Sterile  1.25  87.22 7.4 (2.4) 42.4 (47.3) 
 Resistant Unsterile  1.45  91.89 6.8 (1.6) 30.8 (22.2) 
Common lambsquarters   
 Susceptible Sterile  1.32  98.74 0.5 (0.1) 2.8 (0.9) 
 Susceptible Unsterile  2.41       100.10 0.1 (0.1) 0.3 (0.1) 
 Resistant Sterile  1.66  97.51 0.6 (0.1) 2.1 (0.6) 
 Resistant Unsterile  1.40  96.72 0.4 (0.1) 2.1 (0.6) 
a Abbreviations: b, slope of the curve; d, upper response limit; GR50, glyphosate dose to reduce dry weight by 50%; GR90,  





Table 2.2 Selective index (Equation 2) tests of GR50 and GR90 values based on shoot dry  
weight percent of control for dose–response curves.a 
 
a Abbreviations: GR50, glyphosate dose to reduce dry weight by 50%; GR90, glyphosate  
dose to reduce dry weight by 90%; SE, standard error; SS, susceptible biotype  
grown in sterile soil; SU, susceptible biotype grown in unsterile soil; RS, resistant 
biotype grown in sterile soil; RU, resistant biotype grown in unsterile soil; TS, tolerant 
biotype grown in sterile soil; TU, tolerant biotype grown in unsterile soil. 
 
b Values of significance within each weed species are in bold at α = 0.05









   
   Dry weight (% control)   
  
   Dry weight (% control)    
 
Giant ragweed 
SS vs. SU 
 
 9.6 (2.55) 
 





SS vs. RS 0.9 (0.33)    0.7314 - - 
SS vs. RU 4.0 (1.43)    0.0354 - - 
SU vs. RS 0.1 (0.03) < 0.0001 - - 
SU vs. RU 0.4 (0.14)    0.0001 - - 
RS vs. RU 4.5 (2.01)    0.0796 - - 
Horseweed 
SS vs. SU 1.1 (0.7)    0.8881 1.0 (1.1) 0.9861 
SS vs. RS 0.1 (0.1) < 0.0001 0.5 (0.7) 0.5006 
SS vs. RU 0.1 (0.1) < 0.0001 0.7 (0.7) 0.7109 
SU vs. RS 0.1 (0.1) < 0.0001 0.5 (0.7) 0.5267 
SU vs. RU 0.1 (0.1) < 0.0001 0.7 (0.8) 0.7389 
RS vs. RU 1.1 (0.4)    0.8477 1.4 (1.8) 0.8371 
Common 
lambsquarters         
SS vs. SU 4.0 (2.1)    0.1593 8.5 (4.0)    0.0602 
SS vs. TS 0.9 (0.3)    0.8292 1.3 (0.6)    0.5653 
SS vs. TU 1.2 (0.4)    0.6302 1.3 (0.6)    0.5849 
SU vs. TS 0.2 (0.1) < 0.0001 0.2 (0.1) < 0.0001 
SU vs. TU 0.3 (0.2) < 0.0001 0.2 (0.1) < 0.0001 
TS vs. TU 1.2 (0.4)    0.5003 1.0 (0.4)    0.9698 
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Table 2.3 Regression parameter estimates of dose–response curves for root dry weight tissue using a three-parameter logistic  
model (Equation 1) in dose–response study conducted in sterile and unsterile field soil.a 
 
 Regression parametersa   
Weed species Biotype Soil b d  GR50 (SE)a GR90 (SE)a 
Giant ragweed  ______________ kg ae ha -1____________
 Susceptible Sterile 0.65 100.74  1.1 (0.5) - 
 Resistant Sterile 0.35 100.32  1.2 (0.8) - 
 Resistant Unsterile 0.56 101.38  1.1 (0.5) - 
Horseweed   
 Susceptible Sterile 0.64   99.62  0.3 (0.2)   7.7 (7.1) 
 Susceptible Unsterile 0.69   99.87  0.5 (0.2) 10.8 (9.1) 
 Resistant Sterile 0.62  98.05  2.3 (1.4)   80.1 (80.4) 
 Resistant Unsterile 1.77   96.88  5.3 (1.2)   18.3 (10.8) 
Common lambsquarters   
 Susceptible Sterile 0.70   99.72  0.2 (0.1) 4.4 (2.5) 
 Susceptible Unsterile 2.34   99.98  0.2 (0.0) 0.4 (0.1) 
 Resistant Sterile 1.07   99.94  0.6 (0.1) 4.5 (1.9) 
 Resistant Unsterile 1.36  97.30  0.4 (0.1) 2.0 (0.6) 
a Abbreviations: b, slope of the curve; d, upper response limit; GR50, glyphosate dose to reduce dry weight by 50%; GR90,  




Table 2.4 Selective index (Equation 2) tests of GR50 and GR90 values based on root dry  
weight percent of control for dose–response curves.a 
 
a Abbreviations: GR50, glyphosate dose to reduce dry weight by 50%; GR90, glyphosate 
dose to reduce dry weight by 90%; SE, standard error; SS, susceptible biotype grown in 
sterile soil; SU, susceptible biotype grown in unsterile soil; RS, resistant biotype grown 
in sterile soil; RU, resistant biotype grown in unsterile soil; TS, tolerant biotype grown in 
sterile soil; TU, tolerant biotype grown in unsterile soil. 
 
b Values of significance within each weed species are in bold at α = 0.05.









   
   Dry weight (% control)   
  
   Dry weight (% control)    
 
Giant ragweed 









SS vs. RS 0.9 (0.74)    0.9319 - - 
SS vs. RU 0.9 (0.54)   0.8633 - - 
SU vs. RS 0.1 (0.11) < 0.0001 - - 
SU vs. RU 0.1 (0.08) < 0.0001 - - 
RS vs. RU 1.0 (0.78)    0.9674 - - 
Horseweed 
SS vs. SU 0.6 (0.4)    0.3137 0.7 (0.9)    0.7522 
SS vs. RS 0.1 (0.1) < 0.0001 0.1 (0.1) < 0.0001 
SS vs. RU 0.1 (0.0) < 0.0001 0.4 (0.5)    0.2117 
SU vs. RS 0.2 (0.2) < 0.0001 0.1 (0.2) < 0.0001 
SU vs. RU 0.1 (0.1) < 0.0001 0.6 (0.6)    0.5007 
RS vs. RU 0.4 (0.3)    0.0535 4.4 (5.1)    0.5085 
Common 
lambsquarters         
SS vs. SU 1.3 (0.6)    0.6828 10.9 (7.1)    0.1639 
SS vs. TS 0.3 (0.2)    0.0001   1.0 (0.7)    0.9660 
SS vs. TU 0.5 (0.2)   0.0374   2.2 (1.4)    0.3896 
SU vs. TS 0.3 (0.1) < 0.0001   0.1 (0.0) < 0.0001 
SU vs. TU 0.4 (0.1) < 0.0001   0.2 (0.1) < 0.0001 
TS vs. TU 1.5 (0.5)    0.3502   2.3 (1.2)    0.2527 
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Figure 2.1 Response (21 d after glyphosate treatment [DAT]) of glyphosate-resistant and  
glyphosate-susceptible biotypes of giant ragweed grown in sterile or unsterile 
field soil. Model fit P = 0.6617 using Equation 1. SS, susceptible biotype grown 
in sterile soil; SU, susceptible biotype grown in unsterile soil; RS, resistant 





    
 
 
Figure 2.2 Control of susceptible giant ragweed biotype grown in sterile field soil (a) and  
unsterile field soil (b) 21 d after glyphosate treatment (DAT) with 0, 0.21, 0.42, 









    
 
 
Figure 2.3 Response of shoot tissue 21 d after glyphosate treatment (DAT) of giant  
ragweed biotypes to glyphosate at 0.84 kg ae ha−1 when grown in sterile and 
unsterile field soil. SS, susceptible biotype grown in sterile field soil; SU, 
susceptible biotype grown in unsterile field soil; RS, resistant biotype grown in 


















    
 
 
Figure 2.4 Giant ragweed root necrosis at 21 d after glyphosate treatment (DAT) of 0.84  
kg ae ha−1 of glyphosate. SS, susceptible biotype grown in sterile field soil; SU, 
susceptible biotype grown in unsterile field soil; RS, resistant biotype grown in 







    
 
 
Figure 2.5 Response (14 d after glyphosate treatment [DAT]) of glyphosate-resistant and  
glyphosate-susceptible biotypes of horseweed grown in sterile or unsterile field 
soil. Model fit P = 0.9458 using Equation 1. SS, susceptible biotype grown in 
sterile soil; SU, susceptible biotype grown in unsterile soil; RS, resistant biotype 






    
 
 
Figure 2.6 Response (21 d after glyphosate treatment [DAT]) of glyphosate-tolerant and  
glyphosate-susceptible biotypes of common lambsquarters grown in sterile or 
unstderile field soil. Model fit 0.9862 using Equation 1. SS, susceptible biotype 
grown in sterile soil; SU, susceptible biotype grown in unsterile soil; TS, tolerant 
biotype grown in sterile soil; TU, tolerant biotype grown in unsterile soil
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 SOIL MICROBIAL ROOT COLONIZATION OF GLYPHOSATE-
TREATED GIANT RAGWEED, HORSEWEED, AND COMMON 
LAMBSQUARTERS BIOTYPES 
3.1. Abstract 
Root colonization by soil microorganisms has been shown to increase the activity 
of glyphosate in resistant and susceptible biotypes of giant ragweed and a susceptible 
common lambsquarters biotype, but not in horseweed biotypes. The objective of this 
study was to investigate the colonization of roots in glyphosate-resistant and -susceptible 
giant ragweed and horseweed biotypes, and glyphosate-tolerant and -susceptible biotypes 
of common lambsquarters after a sublethal glyphosate application. The three weed 
species were grown separately in sterile and unsterile field soil and treated with 
glyphosate at two sublethal rates. Soil microbes were isolated from the roots onto sterile 
media 3 d after the glyphosate treatment. The susceptible biotypes of giant ragweed and 
horseweed grown in unsterile soil were colonized by more soil microbes at the higher rate 
of glyphosate, compared to the resistant biotype grown in unsterile soil. Oomycetes were 
isolated separately on a selective media and they were also more prevalent in the roots of 
the susceptible biotypes of each weed species grown in the unsterile soil when glyphosate 
was applied at the highest rate. Therefore, the ability of these three weed species to 
tolerate a glyphosate application may involve differences in the susceptibility to soil 
microbial colonization, especially oomycetes.  
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3.2. Introduction 
Glyphosate is the most commonly used herbicide in the world for the control of 
weeds before planting and for POST, broad spectrum weed control in glyphosate-
resistant (GR) crops (Duke and Powles 2008). Its use increased drastically with the 
introduction of GR crops in 1996 (Dill et al. 2008), contributing to the evolution of GR 
weeds (Powles and Preston 2006). Glyphosate targets the enzyme 5-
enolpyruvylshikimate-3-phosphate synthase within the shikimate acid pathway and 
inhibits the production of the aromatic amino acids phenylalanine, tyrosine, and 
tryptophan (Steinrücken and Amrhein 1980). The depletion of these aromatic amino acids 
disrupts the production of many essential plant compounds and biochemical pathways, 
leading to plant death (Duke and Powles 2008; Pline-Srnic 2005; Servaites et al. 2008; 
Shieh et al. 1991). 
Glyphosate is absorbed by the foliage, translocated systemically, and accumulated 
in the meristematic tissue of the roots and shoots (Gougler and Geiger 1984; Kirkwood et 
al. 2000; Sprankle et al. 1975a). Ultimately, glyphosate is leached into the soil 
rhizosphere (Bromilow et al. 1993; Kremer et al. 2005; Rodrigues et al. 1982). An 
average of 3.1% of 14C-labeled glyphosate applied to quackgrass [Elymus repens (L.) 
Gould.] was detected in root exudates 8 d after treatment (DAT) (Coupland and Caseley 
1979), and similarly 4% of glyphosate applied to quinoa (Chenopodium quinoa, Willd.) 
was detected in the soil 8 DAT (Laitinen et al. 2007). Glyphosate entering the soil 
through root exudates or during preplant application is tightly bound to soil colloids 
(Piccolo et al. 1992, 1996), which minimizes off target movement and allows for 
microbial degradation of the herbicide (Duke and Powles 2008; Sprankle et al. 1975b). 
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 Some soil microorganisms utilize glyphosate as a carbon and nitrogen source, 
degrading the herbicide and stimulating their growth (Busse et al. 2001; Haney et al. 
2002). Kremer et al. (2005) showed that root exudates from glyphosate-treated soybean 
(Glycine max) stimulated the growth of select Fusarium spp. strains in vitro. 
 Soil microbes can act as glyphosate synergists, colonizing glyphosate-treated 
plant roots and increasing glyphosate activity (Johal and Rahe 1984; Lévesque and Rahe 
1992). Lévesque and Rahe (1992) reported that between 15- and 20-fold more glyphosate 
was required to kill common bean (Phaseolus vulgaris L.) seedlings grown in autoclaved 
soil, which was free of plant pathogens, as compared to seedlings grown in unsterile soil. 
The efficacy of glyphosate on select biotypes of giant ragweed and common 
lambsquarters were also affected by the presence or absence of soil microorganisms 
(Schafer et al. 2012). 
 Glyphosate has been shown to predispose plants to disease by suppressing plant 
defense responses. After a glyphosate application, an increase in Fusarium oxysporum 
disease severity on GR sugar beet (Beta vulgaris altissima Doell) was because of the 
suppression of a plant mediated defense response (Larson et al. 2006). Aromatic amino 
acids produced by the shikimate acid pathway serve as precursors to the synthesis of 
phenolic compounds including auxins, phytoalexins, and lignins that are utilized by 
plants for defense against pathogens, herbivore damage, and abiotic stresses (Altman and 
Campbell 1977; Pline-Srnic 2005). Glyphosate reduced the accumulation of phytoalexins 
increasing the susceptibility of soybean to Phytophthora megasperma f. sp. glycines 
(Keen et al. 1982), common bean to Colletotrichum lindemuthianum (Johal and Rahe 
1990), and sicklepod [Senna obtusifolia (L.) H.S. Irwin and Barneby] to Alternaria cassia 
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(Sharon et al. 1992). Lignin content was also decreased in the roots of common bean 
plants treated with glyphosate, increasing Pythium spp. colonization of roots (Liu et al. 
1995, 1997). 
 Increased frequency of soil microbial root colonization in association with a 
glyphosate treatment has been well documented in a number of studies (Descalzo et al. 
1998; Johal and Rahe 1988; Lévesque et al. 1987; Sanogo et al. 2000). Fusarium spp. 
colonization was two to five times higher on GR soybean treated with glyphosate than 
GR soybean and nonGR soybean without a glyphosate treatment, likely because of 
glyphosate in root exudates providing a nutrient source for Fusarium spp. (Kremer and 
Means 2009). The population of Pythium spp. recovered from pots containing common 
bean plants more than doubled in glyphosate-treated plants (Descalzo et al. 1998). 
 The objective of this research was to determine if treating GR and glyphosate-
susceptible (GS) biotypes of giant ragweed and horseweed, and glyphosate-tolerant (GT) 
and GS common lambsquarters with sublethal doses of glyphosate increased root 
colonization by soil microbes. 
3.3. Materials and Methods 
3.3.1. Plant Material  
Previously identified GR and GS giant ragweed seed used in this study were 
collected from Noble County, IN and Darke County, OH, respectively (Stachler 2008). 
The GR and GS horseweed seed used in this study were collected from locations in 
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Indiana and Ohio, respectively (Davis et al. 2008). Seed for the GT biotype of common 
lambsquarters was collected from Ripley County, IN and the GS biotype from Jefferson 
County, IN (Westhoven et al. 2008a,b). Herbicide tolerance, referring to the common 
lambsquarters biotype, is defined as an inherent ability to survive and reproduce after a 
herbicide application, implying that there was no selection or genetic manipulation to 
make the plant tolerant; it is naturally tolerant (WSSA 1998). The procedure for giant 
ragweed, horseweed, and common lambsquarters seed germination, transplanting, and the 
greenhouse conditions used for plant growth were the same as described previously by 
Schafer et al. (2012). Plants were transplanted into individual sterilized 106.5 cm3 cones 
(Ray Leach “Cone-tainer”, Stuewe & Sons, Inc., Tangent, OR) containing either sterile (γ 
irradiated) (STERIS Isomedix Services, STERIS Corporation, Mentor, OH) or unsterile 
field soil. The field soil used in this study was collected from Throckmorton-Purdue 
Agricultural Center in Lafayette, Indiana and the soil type was a Toronto-Millbrook silty 
loam with a pH of 6.7 and 3% organic matter. The field soil was prepared and sterilized 
as described in Schafer et al. (2012). The sterile field soil was not completely sterile after 
γ irradiation but contained extremely low microbial numbers, very few microbial species, 
and no fungi; confirmed by soil serial dilution plating in Schafer et al. 2012. 
3.3.1.1. Glyphosate Application 
Each experiment was conducted in the greenhouse as a randomized complete 
block design with a three-way factorial arrangement; treatment factors included field soil, 
biotype, and glyphosate rate. Each weed species was evaluated in separate experiments. 
Each experiment included eight replications of each treatment, four replications were 
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used for root sampling at 3 d after glyphosate treatment (DAT) and four replications were 
grown out for shoot biomass harvest at 21 DAT. Each experiment was conducted twice. 
Glyphosate was applied when giant ragweed had three to four nodes, horseweed plants in 
the rosette growth stage were 5 to 8 cm in diam, and common lambsquarters had seven to 
eight nodes. Each weed species was treated with a sublethal dose of glyphosate which 
was chosen by calculating the glyphosate rate that reduced plant dry weight by 10% 
(GR10) and 50% (GR50) in a previous dose–response study in the same soil (Schafer et al. 
2012). Glyphosate rates applied to each weed species are listed in Table 3.1. Glyphosate 
treatments were prepared by mixing technical-grade solution of the isopropylamine salt 
of glyphosate with the formulation blank, equivalent to the concentration found in a 0.84 
kg ae ha−1 rate of the formulated Glyphomax Plus (Glyphomax Plus®, DOW 
AgroSciences LLC, Indianapolis, IN). This ensured that the concentration of adjuvants 
remained constant as glyphosate concentration varied (Smith and Hallett 2006; Schafer et 
al. 2012). All treatments were applied with 2.8 kg ha−1 ammonium sulfate (AMS) (N-
PAK, Winfield Solutions, LLC., St. Paul, MN) and 0.5% v/v nonionic surfactant (NIS) 
(Preference, Winfield Solutions). The control treatment received the fixed concentration 
of formulation blank, AMS, and NIS without glyphosate. The treatments were applied 
using a compressed-air spray chamber calibrated to deliver 190 L ha−1 carrier volume at a 
pressure of 230 kPa using an 8002EVS nozzle (TeeJet Technologies, Wheaton, IL). 
3.3.2. Soil Microbial Isolation 
At 3 DAT, four randomly selected plants from each treatment were sampled for 
microbial colonization. Sampling at 3 DAT was chosen in order to isolate microbes 
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colonizing the roots prior to root necrosis and the invasion of secondary, opportunistic 
pathogens. Shoot tissue was discarded and roots were washed under running water to 
remove soil debris. Each individual whole root system was cut vertically down the center 
length of the root axis into two halves; one half was used for total microbial colony 
isolation and the other half was used for oomycete isolation. 
3.3.2.1. Total Microbial Colony Isolation 
The entire half of each root system was sliced horizontally into 4 to 5-cm-long 
pieces and surface sterilized to ensure colonies isolated from plating grew from inside the 
root and were not contaminants from the root surface. Roots were surface sterilized by 
soaking for 30 sec in 5% sodium hypochlorite solution (Clorox Regular-Bleach, The 
Clorox Company, Oakland, CA), followed by 30 sec in 70% ethyl alcohol (Koptec, 
Glennie Circle, King of Prussia, PA), and then 1 min rinse in sterile distilled water 
(SDW). Roots were then dried on sterile paper towels and transferred onto media using 
sterile forceps. Roots were transferred onto a fungi specific media, potato dextrose agar 
(PDA) (Becton, Dickinson and Company, Sparks, MD) amended with a penicillin–
streptomycin (Sigma-Aldrich Corp, St. Louis, MO) antibiotic solution to suppress 
bacterial growth. Plates were placed in an incubator at 25 C. Colonies were counted per 
plate and isolated to individual PDA plates every day after plating for one week. 
Morphological identification of select samples was conducted by observing spores and 
hyphae under the microscope. At the end of 1 wk, plates were discarded. 
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3.3.2.2. Oomyete Isolation 
Oomycetes (which are no longer classified with the Fungi, but with the 
Chromalveolata Kingdom) (Rossman and Palm 2006) were isolated separately from 
fungal microbial colonies. The other half of each root was sliced as described above. 
Roots were then surface sterilized by soaking for 30 sec in 70% ethyl alcohol and 
followed by a 1-min rinse in SDW, as oomycetes are sensitive to the sodium hypochlorite 
treatment (Singleton et al. 1992). Roots were then dried and transferred as described 
previously. Roots were transferred onto a Pythium selective media (P10VP) (Singleton et 
al. 1992) amended with a penicillin–streptomycin solution. Plates were placed in the 
incubator, counted, observed, and discarded as described above. 
3.3.3. Shoot Harvest Procedure 
At 21 DAT, the remaining four plants from each treatment were harvested. Whole 
plant samples of living shoot biomass were cut at the soil line and dried for 5 d in a 
forced air dryer at 50 C. Individual plant shoots were weighed separately to determine 
plant dry weight. 
3.3.4. Statistical Analysis   
For each weed species, total microbial colony count on PDA and oomycete 
colony count on P10VP data were analyzed separately. Data were analyzed with the 
PROC GLM procedure in SAS 9.2 (SAS Version 9.2, Institute, Inc., Cary, NC 27513). 
Prior to data analysis, data were checked for normality assumptions and constant variance 
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using PROC UNIVARIATE and the Shapiro-Wilk test for normality. Colony count data 
were square-root transformed to meet normality assumptions and back-transformed for 
presentation. An interaction between treatments in experimental runs did not occur; 
therefore data from each experimental run within each weed species were pooled for 
analysis. PROC GLM and Tukey-Kramer test were used for mean separation at an alpha 
value of 0.05. To evaluate the association between increasing glyphosate rate and root 
colonization among treatments, Pearson’s correlation coefficients were calculated using 
PROC CORR with correlations considered significant at an alpha value of 0.05. Dry 
weight biomass data were analyzed separately for each weed species using PROC GLM 
in SAS.  
Dry weight data were checked for normality assumptions and constant variance as 
described earlier. An interaction between treatments and experimental runs did not occur; 
therefore data from both experimental runs were combined for data analysis. Tukey-
Kramer test was used for mean separation at an alpha value of 0.05. Shoot biomass of 
each weed species responded similarly to glyphosate at 21 DAT in the sterile and 
unsterile field soil as previously reported by Schafer et al. (2012), therefore dry weight 
data are not presented. 
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3.4. Results and Discussion 
3.4.1. Giant Ragweed 
The number of soil microbes isolated from the GR and GS biotype of giant 
ragweed grown in the sterile soil ranged from only 1 to 4 colonies per plate, regardless of 
the glyphosate rate (Figure 3.1). Using Pearson’s correlation coefficients, a negative 
association was observed between glyphosate rate and the number of colonies isolated 
from the roots of the GR biotype grown in sterile soil (Pearson correlation coefficient: 
−0.42714, P = 0.0374) (Table 3.2). As the glyphosate rate increased, the number of soil 
microbes colonizing the roots decreased. The number of colonies decreased from 4 
colonies per plate when treated with either 0 or 0.1 kg ha−1 glyphosate to 2 colonies per 
plate when treated with 1.6 kg ha−1 of glyphosate (Figure 3.1). Glyphosate had no effect 
on the number of microbes colonizing the roots of either biotype grown in the sterile soil, 
which was to be expected as the quantity of soil microbes present in the sterile soil was 
very low. Glyphosate also had no effect on the number of colonies isolated from the GS 
biotype grown in unsterile soil. When treated with 1.6 kg ha−1 of glyphosate, the GS 
biotype grown in the unsterile soil produced 20 colonies per plate compared to 13 
colonies per plate in the GR biotype (Figure 3.1). At this rate, the GS biotype grown in 
unsterile soil was colonized by a greater number of microbes compared to the GR 
biotype. The untreated GR biotype grown in unsterile soil was colonized by 12 colonies 
per plate; and after a glyphosate treatment, the number of colonies did not increase 
(Figure 3.1). 
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 The GR and GS biotypes produced an average of less than 1 oomycete colony per 
plate when grown in the sterile soil, regardless of the glyphosate rate (Figure 3.2). The 
presence of minimal numbers of oomycetes within the γ-irradiated soil was to be 
expected, as few oomycetes may have been able to survive the sterilization process. 
There was no correlation between increasing glyphosate rate and the number of oomycete 
colonies isolated from the GR biotype roots when grown in the unsterile soil (Table 3.2). 
Conversely, the number of oomycete colonies isolated from the GS biotype grown in 
unsterile soil increased as the glyphosate rate increased. The GS biotype was colonized 
by 3 and 8 colonies per plate when treated with 0 and 0.1 kg ha−1 of glyphosate, 
respectively; when the glyphosate rate increased to 1.6 kg ha−1 the number of colonies 
per plate increased to 13 (Figure 3.2). The number of oomycete colonies isolated from the 
GS roots when grown in unsterile soil was greater than the GR grown in unsterile soil, 
when glyphosate was applied at 1.6 kg ha−1 (Figure 3.2). A positive correlation (Pearson 
correlation coefficient: 0.50834, P = 0.0112) was present between glyphosate and 
oomycete colonies in the GS biotype grown in unsterile soil (Table 3.2). These results 
suggest that the GR biotype may be capable of withstanding soil microbial colonization, 
specifically oomycete colonization, or the defense mechanism of the roots may not be 
suppressed greatly by glyphosate, compared to the GS biotype. 
3.4.2. Horseweed 
Colonization of the GR and GS horseweed biotypes was minimal, regardless of 
the soil or the glyphosate treatment. Similar to giant ragweed, the GR and GS biotypes 
grown in sterile soil were colonized by between 2 to 4 colonies per plate, regardless of 
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the glyphosate rate (Figure 3.3). Colonization of the GR biotype grown in unsterile soil 
was likewise unaffected by glyphosate and ranged from 3 to 5 colonies per plate (Figure 
3.3). The glyphosate treatment again had no effect on the number of colonies isolated 
from the GR biotype grown in unsterile soil. However, the GS biotype grown in unsterile 
soil was colonized by 6 and 11 colonies per plate as the glyphosate rate increased from 0 
to 3.9 kg ha−1 of glyphosate, respectively (Figure 3.3). When glyphosate was applied at 
the 3.9 kg ha−1 rate, a greater number of soil microbes colonized the roots of the GS 
biotype grown in unsterile soil, compared to when no glyphosate was applied. 
 The response of the GR and GS horseweed biotypes to oomycete infection after a 
glyphosate application was similar to giant ragweed. Both biotypes grown in the sterile 
soil were colonized by very few colonies, ranging from 0 to 1 per plate in both the 
presence and absence of glyphosate (Figure 3.4). Colonization of the GR biotype grown 
in unsterile soil was unaffected by the glyphosate application, as the number of colonies 
ranged from 1 to 2 per plate (Figure 3.4). The number of colonies isolated from the GS 
biotype roots when grown in unsterile soil did increase from 1 colony per plate in the 
untreated control to 7 colonies per plate in the 3.9 kg ha−1glyphosate treatment (Figure 
3.4). A positive correlation between the increase in glyphosate rates and increase in 
oomycete colonization was observed (Pearson correlation coefficient: 0.57148, P = 
0.0028) (Table 3.2). The number of total microbial and oomycete colonies isolated from 
either the GR or GS horseweed biotypes grown in the unsterile soil when glyphosate was 
applied was considerably lower as compared to giant ragweed. Horseweed may not be 
naturally susceptible to a large number of soil microbes, the greenhouse conditions may 
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not have been favorable for soil microbial colonization, or specific microbes may not 
have been represented in our plating technique. 
3.4.3. Common Lambsquarters 
Both the GT and GS biotypes grown in the sterile soil were colonized by few soil 
microbes, ranging from 2 to 4 colonies per plate, regardless of the glyphosate rate (Figure 
3.5). The GT and GS biotype grown in the unsterile soil were colonized by 40 colonies 
per plate when glyphosate was not applied (Figure 3.5). The number of colonies isolated 
per plate from the GT biotype grown in unsterile soil ranged from 36 to 34 when 
glyphosate was applied; therefore colonization was not affected by glyphosate (Figure 
3.5). The GS biotype grown in unsterile soil treated with a glyphosate rate of 0.09 and 0.4 
kg ha−1 was colonized by 33 and 37 colonies per plate, respectively (Figure 3.5). 
Regardless of the biotype, the number of total colonies did not increase when glyphosate 
was applied, in both the sterile and unsterile soil. 
 Interestingly, compared to the high number of total colonies isolated from 
common lambsquarters, very few oomycete colonies were isolated from either the GT or 
GS biotypes. Similar to giant ragweed and horseweed, almost zero colonies per plate 
were isolated from the GT and GS biotypes grown in sterile soil, regardless of a 
glyphosate application (Figure 3.6). The only increase in oomycete colonization was 
observed in the GS biotype grown in unsterile soil; 1 colony per plate was isolated from 
the untreated control, increasing to 4 colonies per plate on plants treated with 0.4 kg 
ha−1of glyphosate (Figure 3.6). This resulted in a positive correlation between the 
increasing glyphosate rate and oomycete colonization (Pearson correlation coefficient: 
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0.52817, P = 0.0080) (Table 3.2). The low number of oomycete colonies isolated from 
the roots compared to total colonies indicates that common lambsquarters may not be as 
greatly infected by oomycete organisms. 
 The total number of colonies isolated from the common lambsquarters roots when 
grown in unsterile soil was dominated by Fusarium spp., which were identified 
morphologically. Common lambsquarters was reported to serve as an alternate host for 
Fusarium acuminatum (Gordon 1959) and Fusarium oxysporium (Helbig and Carroll 
1984). Likewise, asymptomatic common lambsquarters sampled from the field were 
found to be a host to 19 different Fusarium species (Postic et al. 2012). Species of 
Fusarium microbes are the most commonly reported endophyte, which are organisms that 
are established within the internal tissue of the root yet the plant does not exhibit disease 
symptoms (Bacon and White 2000). This may explain the high number of Fusarium spp. 
which were isolated from common lambsquarters grown in the unsterile field soil, 
regardless of the glyphosate application. Lévesque et al. (1987) demonstrated that 
colonization of Fusarium spp. on various perennial and annual weeds after a glyphosate 
application was species dependent, as common chickweed [Stellaria media (L.) Vill.] and 
shepherd’s-purse [Capsella bursa-pastoris (L.) Medik.] were not colonized, yet a number 
of weeds, including barnyardgrass [Echinochloa crus-galli (L.) Beauv.] and common 
lambsquarters were colonized. This may explain why Fusarium spp. was not isolated as 
frequently from either giant ragweed or horseweed. 
 The oomycete organisms isolated from all three weed species’ roots when treated 
with glyphosate were identified morphologically as predominantly Pythium spp. 
Similarly to our results, Pythium spp. were the most frequent colonizer of glyphosate-
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treated wheat (Triticum spp.) and common bean seedling roots (Lévesque et al. 1993) in a 
study evaluating the effect of glyphosate on fungal colonization. Kawate et al. (1997) 
also reported that glyphosate-treated downy brome (Bromus tectorum L.) and henbit 
(Lamium amplexicaule L.) were susceptible to root colonization by Pythium ultimum. 
 In a previous study, the addition of the Pythium spp. and Fusarium spp. to sterile 
soil increased the control of bean seedlings with glyphosate from 0% of plants killed 
when grown in the sterile soil, to 100% of plants killed when Pythium spp. and Fusarium 
spp. were incorporated into the soil (Johal and Rahe 1984, 1988). Our data show that the 
GS biotypes of each weed species exhibited a greater susceptibility to oomycete 
infection, compared the GR or GT biotypes, when treated with glyphosate. 
Our data provide some preliminary indication that the lack of Pythium spp. colonization 
on the roots of GR or GT biotypes may be responsible for the elevated tolerance of these 
weed species to glyphosate. A deeper understanding of the role oomycete colonization 
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Table 3.1 Glyphosate was applied at the average GR10a and GR50a for each weed species,  
determined by a previous dose–response study conducted in sterile and unsterile 
field soil. Sublethal doses of glyphosate were used in this study to induce a 
compromised defense system. 
 
 Weed species Control GR10 GR50  
 
_________ Glyphosate (kg ae ha-1) _________ 
Giant ragweed  0 0.1 1.6 
Horseweed  0 0.7 3.9 
Common lambsquarters  0   0.09 0.4 
a Abbreviations: GR10, glyphosate dose to reduce dry weight by 10%; GR50, glyphosate 































    
Table 3.2 Pearson’s correlation coefficients to test for an association between increasing  
glyphosate rate and total microbial colonies or oomycete colonies isolated from 
glyphosate-susceptible and glyphosate-resistant or glyphosate-tolerant biotypes of 
three weed species grown in sterile and unsterile field soil. 
 
Weed species Biotype Field soil Total  microbial colonies P-value
 a Oomycete 
colonies  P-value
 a 
   
Giant ragweed Resistant Sterile -0.42714 0.0374 -0.24193 0.2548 Unsterile  0.13752 0.5217  0.16687 0.4358 
Susceptible Sterile  0.23017 0.2793  0.29230 0.1657 Unsterile  0.27596 0.2793  0.50834 0.0112 
   
Horseweed Resistant Sterile -0.29935 0.1554 -
 b - 
Unsterile  0.38625 0.0623  0.24262 0.2533 
Susceptible Sterile -0.09738 0.6508 -0.05839 0.7864 Unsterile  0.32486 0.1131  0.57148 0.0028 
   
Common 
lambsquarters Tolerant Sterile -0.05859 0.7857 -0.19878 0.3518 
Unsterile -0.20564 0.3351  0.21726 0.3078 
Susceptible Sterile  0.34134 0.1026 - -   Unsterile -0.03945 0.0813  0.52817 0.0080 
a Values of significance within each weed species are in bold at α = 0.05. 









    
 
 
Figure 3.1 Total soil microbial colonies isolated from glyphosate-resistant (GR) and  
glyphosate-susceptible (GS) giant ragweed biotypes roots grown in sterile and  
each plate containing half of a root sample. Significant differences between means 
separated with Tukey-Kramer test at α = 0.05, bars with different letters are 









    
 
 
Figure 3.2 Number of oomycete colonies isolated from glyphosate-resistant (GR) and  
glyphosate-susceptible (GS) giant ragweed biotypes roots grown in sterile and 
unsterile field soil 3 d after treatment. Colonies are presented per plate, each plate 
containing half of a root sample. Significant differences between means separated 
with Tukey-Kramer test at α = 0.05, bars with different letters are significantly 






    
 
 
Figure 3.3 Total soil microbial colonies isolated from glyphosate-resistant (GR) and  
glyphosate-susceptible (GS) horseweed biotypes roots grown in sterile and 
unsterile field soil 3 d after treatment of glyphosate. Colonies are presented per 
plate, each plate containing half of a root sample. Significant differences between 
means separated with Tukey-Kramer test at α = 0.05, bars with different letters 






    
 
 
Figure 3.4 Number of oomycete colonies isolated from glyphosate-resistant (GR) and  
glyphosate-susceptible (GS) horseweed biotypes roots grown in sterile and 
unsterile field soil 3 d after treatment. Colonies are presented per plate, each plate 
containing half of a root sample. Significant differences between means separated 
with Tukey-Kramer test at α = 0.05, bars with different letters are significantly 








    
 
 
Figure 3.5 Total soil microbial colonies isolated from glyphosate-tolerant (GT) and  
glyphosate-susceptible (GS) common lambsquarters biotypes roots grown in 
sterile and unsterile field soil 3 d after treatment of glyphosate. Colonies are 
presented per plate, each plate containing half of a root sample. Significant 
differences between means separated with Tukey-Kramer test at α = 0.05, bars 











    
 
 
Figure 3.6 Number of oomycete colonies isolated from glyphosate-tolerant (GT) and  
glyphosate-susceptible (GS) common lambsquarters biotypes roots grown in 
sterile and unsterile field soil 3 d after treatment. Colonies are presented per plate, 
each plate containing half of a root sample. Significant differences between means 
separated with Tukey-Kramer test at α = 0.05, bars with different letters are 





 THE EFFECT OF FUNGICIDES ON CONTROL OF GIANT 
RAGWEED AND HORSEWEED BIOTYPES WITH GLYPHOSATE 
4.1. Abstract 
The efficacy of glyphosate on giant ragweed (Ambrosia trifida) biotypes was 
enhanced by the soil biota, however soil biota did not affect glyphosate efficacy on 
horseweed (Conyza canadensis) biotypes. It has also been reported that root colonization 
by soil microbes, specifically oomycete pathogens (i.e. Pythium and Phytophthora spp.), 
increased after a glyphosate application in the susceptible biotype of both giant ragweed 
and horseweed. Therefore, the objectives of this study were: 1) to evaluate the role of soil 
fungi and oomycete pathogens on the response of known glyphosate-resistant and -
susceptible giant ragweed and horseweed biotypes to glyphosate in greenhouse and field 
environments, and 2) to discover which specific genera of soil-borne pathogens are 
potentially synergistic with glyphosate by using protective fungicides. A greenhouse 
study was conducted with giant ragweed biotypes grown in unsterile field soil, while a 
field study was conducted with horseweed biotypes. Both giant ragweed and horseweed 
were treated with 5 protective fungicide treatments (mefenoxam, thiophanate-methyl, 
flutolanil, all three fungicides in combination, and a no fungicide control) prior to a 
glyphosate application (0 and 0.84 kg ae ha-1). Five days after treatment (DAT), roots 
from the horseweed plants were plated onto media to identify fungal and oomycete 





28 DAT. The biomass of the glyphosate-resistant and -susceptible giant ragweed biotypes 
were reduced after a glyphosate application when the fungicide thiophanate-methyl was 
applied, compared to the mefenoxam treatment. Overall, fungicide treatments had no 
effect on the survival of both the glyphosate-resistant and -susceptible horseweed 
biotypes in the field. Pythium spp. and Fusarium spp. were frequently isolated from both 
horseweed biotype roots after the glyphosate treatment. This study illustrates that 
Pythium spp. and Fusarium spp.  interact with glyphosate-treated plant roots. However, 
understanding exactly which genera of soil microbes aid in glyphosate activity is still 
unclear. Therefore, further exploration into the synergism of specific soil microbes with 
glyphosate is needed to identify the role these microbes may play on weed control and 

















Previous studies have revealed that the activity of the herbicide glyphosate 
depended upon the presence of soil microorganisms (Johal and Rahe 1984; Schafer et al. 
2012, 2013). This has been attributed to glyphosate’s unique and specific mode of action. 
Glyphosate inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate synthase within the 
shikimate acid pathway, resulting in the suppression of the production of essential 
aromatic amino acids: phenylalanine, tyrosine, and tryptophan (Duke and Powles 2008; 
Steinrücken and Amrhein 1980). Suppression of aromatic amino acid production leads to 
the loss of phenolic and alkaloid compounds, including, proteins, auxins, folic acids, 
flavonoids, plastoquinones, precursors to lignins, and pathogen defense compounds 
including phytoalexins (Bentley 1990; Pline-Srnic 2005). In addition to plant growth and 
development, the compounds produced by the shikimate acid pathway are important for 
defense against pathogen infection, herbivore damage, and abiotic stresses (Altman and 
Campbell 1977; Pline-Srnic 2005).  
Glyphosate induced suppression of plant defense mechanisms has been shown to 
increase plant susceptibility to a number of plant pathogens. The accumulation of 
phytoalexins in sicklepod [Senna obtusifolia (L.) H.S. Irwin and Barneby] was reduced 
from approximately 2.5 nmol mg-1 in an untreated plant to 0.5 nmol mg-1 in plants treated 
with a low dose of glyphosate (50µM), resulting in increased susceptibility to the fungal 
pathogen  Alternaria cassiae (Sharon et al. 1992). The quantity of A. casssiae conidia 
spores required to cause disease on sicklepod was reduced by five-fold when glyphosate 





phytoalexins by glyphosate was also documented in soybean (Glycine max (L.) Merr.) 
and common bean (Phaseolus vulgaris L.) seedlings, causing susceptibility in soybean to 
Phytophthora megasperma f. sp. glycines (Keen et al. 1982) and in common bean to 
Colletotrichum lindemuthianum (Johal and Rahe 1988; 1990). A sublethal dose of 
glyphosate (1.0 mM) also suppressed phenolic production in tomato (Solanum 
lycopersicum) seedlings, allowing Fusarium oxysporum f.sp. radicis-lycopersici Jarvis & 
Shoemaker to colonized the roots, despite the fact that these tomatoes were genetically 
resistant to this Fusarium isolate (Brammall and Higgins 1988). Lignin content was also 
shown to be suppressed in common bean seedlings after a glyphosate application, 
inducing susceptibility to Pythium spp. (Liu et al. 1995; 1997).  
The presence, and root colonization, of soil microbial pathogens appears to play 
an important role in the herbicidal activity of glyphosate. Glyphosate applied to common 
bean seedlings was incapable of causing plant death when the plants were grown in either 
heat sterilized soil or vermiculite, which contained few soil microbes (Johal and Rahe, 
1984). Interestingly, the addition of the plant pathogens Pythium and Fusarium spp. to 
the sterilized soil retained the efficacy of glyphosate on common bean seedlings. Smith 
and Hallett (2006) demonstrated that the lethal rate of glyphosate was reduced from 2.52 
to 1.26 kg ae ha-1 on common waterhemp (Amaranthus rudis Sauer) when plants were 
inoculated with spores of Microsphaeropsis amaranthi one to three days after the 
glyphosate treatment.  
Soil microbes can also influence the phytotoxic response of specific glyphosate-





enhanced by the soil biota (Schafer et al. 2012, Figure 2.1). Both glyphosate-resistant and 
-susceptible biotypes grown in sterile field soil produced more biomass across a range of 
glyphosate rates, compared to the same biotype grown in unsterile field soil (Schafer et 
al. 2012). Yet, the same study conducted on horseweed biotypes revealed that the absence 
of soil biota did not reduce glyphosate efficacy (Schafer et al. 2012, Figure 2.5). These 
studies demonstrate the interaction of soil microbes with glyphosate-treated plants may 
comprise an important role in the mode of action of glyphosate, and may vary among 
plant species. The cause of glyphosate-induced plant death may be a direct consequence 
of aromatic amino acid depletion, which is accompanied by an increase in plant 
susceptibility to pathogens and other stresses (Pline-Srnic 2005).  
Rahe et al. (1990) described a synergistic relationship between specific soil-borne 
fungi and glyphosate in plants grown in unsterile soil (containing microbes). However, 
the specific soil microbes responsible for this synergistic relationship are not clearly 
defined, in particular for weed species. Previous studies, which have investigated this 
synergistic relationship on common bean, identified Pythium and Fusarium spp. as 
orgnaisms which affected glyphosate efficacy (Descalzo et al. 1997; Johal and Rahe 
1984; 1988). Pythium spp. were also identified as the predominant colonizer of a 
glyphosate-susceptible biotype of giant ragweed, horseweed, and common lambsquarters 
(Chenopodium album L.) after a glyposate application (Schafer et al. 2013). Both 
Pythium and Fusarium spp. are frequently associated with severe root and crown rot 
diseases on a broad range of plant species. Therefore, their presence in glyphosate-treated 





Interestingly, these two pathogens are very different phylogenetically, as Pythium is a 
genus of the water mold oomyetes, while Fusarium is a large genus of Ascomycete fungi 
(Kirk et al. 2008). 
An in depth understanding of which specific soil microbes play a role in 
glyphosate activity will give better insight into the mode of action of this herbicide and 
possibly the mechanisms of weed resistance. To date, 24 different weed species 
worldwide have evolved resistance to glyphosate (Heap 2013). The mechanism of 
glyphosate resistance in most glyphosate-resistant weed species is not fully understood, 
nor is the role of soil microbes on glyphosate efficacy of these weed species. Elevated 
levels of tolerance in these weed species to pathogenic soil-borne microbes may play a 
role in the mechanism of resistance to the herbicide glyphosate. 
Therefore, the objective of this study was to evaluate the role of specific genera of 
soil fungi and oomycete pathogens on the response of known glyphosate-resistant and -
susceptible biotypes of giant ragweed and horseweed to glyphosate, both in greenhouse 
and field environments. A significant area of interest was to discover which specific 
genera of soil-borne pathogens are potentially synergistic with glyphosate by providing 
plant protection against specific organisms through the use of fungicides. Genera of 
interest in this study included: Pythium spp., Fusarium spp., and Rhizoctonia spp.  The 
hypothesis of this study was that by providing plant protection to either oomycete (e.g. 
Pythium spp. and Phytophthora spp.) or Fusarium spp. pathogens glyphosate efficacy 





4.3. Materials and Methods 
4.3.1. Giant Ragweed Greenhouse Experiment 
Previously confirmed glyphosate-resistant and glyphosate-susceptible giant 
ragweed seed were collected from Noble County, Indiana and Darke County, Ohio, 
respectively (Stachler 2008). Giant ragweed seeds were pre-germinated (Westhoven et al. 
2008) and germinated as described in Schafer et al. (2012). Plants were grown under 
natural lighting supplemented with high-pressure sodium lamps that provided 400 µmol 
m-2 s-1 photosynthetic photon flux density with a 16-h photoperiod. Greenhouse day and 
night temperatures were maintained at approximately 28 and 17 C, respectively. Plants 
were watered daily and fertilized weekly with a commercial 24-8-16 fertilizer (Miracle-
Gro Water Soluble All Purpose Plant Food, Scotts Miracle-Gro Products Inc., Marysville, 
OH). Giant ragweed seedlings were transplanted upon the appearance of the first true 
leaves into individual sterilized 106.5 cm3 cones (Ray Leach “Cone-tainer”, Stuewe & 
Sons, Inc., Tangent, OR) containing field soil. Field soil used in this study was collected 
in August 2009 from Throckmorton-Purdue Agricultural Center (TPAC) in Lafayette, 
Indiana (Schafer et al. 2012). Field soil used in this study was previously plated onto 
media to identify the presence of various soil microorganisms of interest, specifically 
Pythium and Fusarium spp. (Schafer et al. 2012, 2013).  
The experiment was conducted as a randomized complete block design with a 
three-way factorial arrangement; factors of treatments included giant ragweed biotype, 





each treatment and the experiment was conducted twice. The fungicide treatment 
included combinations of three systemic fungicides for a total of five fungicide 
treatments: mefenoxam (Ridomil Gold® Bravo®, Syngenta Crop Protection, LLC, 
Greensboro, NC) which provides protection against Pythium and Phytophthora spp., 
thiophanate-methyl (336®F, Cleary Chemical Corporation, Dayton, NJ) which is active 
against Fusarium spp., flutolanil (Prostar®, Bayer Crop Science, Research Triangle Park, 
NC) which is active against Rhizoctonia spp., all three fungicides in combination 
(mefenoxam + thiophanate-methyl + flutolanil), and a deionized water control. 
Recommended soil drench rates for each fungicide were applied (Table 4.1). Each 
fungicide treatment was diluted in 5 mL of deionized water and applied to the soil surface 
as a soil drench one week prior to the glyphosate application and weekly after the 
glyphosate treatment for 4 wks.  
When plants reached the three to four node growth stage glyphosate was applied 
at 0 and 0.84 kg ae ha-1. Glyphosate treatments were prepared from a mixture of 
technical-grade solution of the isopropylamine salt of glyphosate and a solution of the 
formulation blank of Glyphomax Plus (Glyphomax Plus®, DOW AgroSciences LLC, 
Indianapolis, IN), as described by Smith and Hallett (2006) and Schafer et al. (2012). All 
treatments were applied with 2.8 kg ha-1 ammonium sulfate (AMS) (N-PAK, Winfield 
Solutions, LLC., St. Paul, MN) and 0.5% v/v nonionic surfactant (NIS) (Preference, 
Winfield Solutions). The control treatment received the fixed concentration of the 
formulation blank, AMS, and NIS without glyphosate. The treatments were applied using 





pressure of 230 kPa using a 8002EVS nozzle (TeeJet Technologies, Wheaton, IL). At 28 
days after treatment (DAT) living shoot biomass were collected and dried for 5 d in a 
forced air dryer at 50 C. Individual plant shoots were weighed separately to determine 
plant dry weight.   
4.3.1.1. Giant Ragweed Statistical Analysis 
Dry weight biomass data were checked for normality assumptions and constant 
variance using PROC UNIVARIATE and the Shapiro-Wilk test in SAS 9.2 (SAS 
Version 9.2, Institute, Inc., Cary, NC), and no transformations were necessary (Shapiro-
Wilk P = 0.8888). Data were then analyzed with the PROC GLM procedure in SAS. Data 
were separated by biotype for data analysis, as they responded differently to the 
glyphosate treatment. Biotype data from two experimental runs were combined, as an 
interaction between the treatments and experimental run did not occur. Within a biotype 
data were separated by glyphosate treatment for the data analysis. Within the resistant 
biotype data were also analyzed by fungicide, as fungicide was a significant factor. 
Within the susceptible biotype data were only analyzed by glyphosate, as fungicide was 
not a significant factor. Mean estimates were separated by Fisher’s Protected Least 
Significant Difference (LSD) test at an alpha value of 0.05. 
4.3.2. Horseweed Field Experiment  
A field experiment was conducted in July and August 2010 at TPAC. A 12 m 





was a Toronto-Millbrook silt loam with 2.9% organic matter and a pH of 6.2. The 
experiment was conducted as a randomized complete block design with a three-way 
factorial arrangement; factors of treatments included horseweed biotype, fungicide 
treatment, and glyphosate rate. The experiment included four replications of each 
treatment and the experiment was conducted twice. 
Fungicide treatments used and rates applied were prepared the same as described 
in the previous section (4.3.1.). Fungicide treatments were diluted in 1 L of distilled 
water. Within each plot, 25.4 cm diameter and 15 cm long poly vinyl chloride (PVC) 
rings were placed 10 cm in the soil 0.6 m apart to separate fungicide treatments. Five 
horseweed plants were transplanted into each ring.  
The glyphosate-resistant and glyphosate-susceptible horseweed seed used in this 
study were previously collected from locations in Indiana and Ohio, respectively (Davis 
et al. 2008). Horseweed transplants were prepared by planting seed on the surface of 
commercial potting soil (Sun Gro Redi-earth plug and seedling mix, Sun Gro 
Horticulture, Bellevue, WA) and were bottom watered daily until germination. At the 
appearance of two to three true leaves seedlings were transplanted into 42 mm peat pellet 
seedling starting plugs (Jiffy-7 Peat Pellets, Jiffy Products of America, Lorain, OH). 
Seedlings were grown in the greenhouse under the same growing conditions described in 
the previous section (4.3.1.). When seedlings reached approximately 7 cm in diameter, 
five plants were transplanted into an individual PVC ring in the field. Transplants were 
irrigated daily. Fungicide treatments were applied to each PVC ring as described in the 





Technical grade glyphosate was prepared as previously described and applied at 0 
and 0.84 kg ae ha-1 one month after transplanting. Glyphosate was applied with a CO2-
pressurized backpack sprayer equipped with a single nozzle sprayer using a XR11002 
nozzle (TeeJet Technologies) at a pressure of 151 kPa. Each ring was sprayed 
individually using an open-ended cardboard box to separate glyphosate treatments. At 28 
DAT living shoot biomass were collected and dried for 5 d in a forced air dryer at 50 C. 
Individual plant shoot biomass were weighed separately to determine plant dry weight. 
4.3.2.1. Horseweed Root Microbial Isolation 
The center horseweed plant from each treatment was sampled 5 DAT. Shoot 
tissue was discarded and roots were washed under running water to remove soil debris. 
Individual roots were surface sterilized by soaking for 30 seconds in 5% sodium 
hypochlorite solution (Clorox Regular-Bleach, The Clorox Company, Oakland, CA), 
followed by 30 seconds in 70% ethyl alcohol (Koptec, Glennie Circle, King of Prussia, 
PA), and then 1 min rinse in sterile distilled water (SDW). Surface sterilization was used 
to ensure colonies isolated from plating grew from inside the root and were not 
contaminates from the root surface. Each individual root was then dried on sterile paper 
towels and transferred onto three different selective media amended with fungicides. The 
selective media included: Pythium spp. selective media (P10VP) (Singleton et al. 1992) 
amended with thiophanate-methyl and flutolanil, Fusarium spp. media potato dextrose 
agar (PDA) (Becton, Dickinson and Company, Sparks, MD) amended with mefenoxam 





Dickinson and Company) (Singleton et al. 1992) amended with mefenoxam and 
thiophanate-methyl. All mediums were amended with a penicillin-streptomycin (Sigma-
Aldrich Corp, St. Louis, MO) antibiotic solution to suppress bacterial growth. Plates were 
placed in an incubator at 25 C. Colonies were counted and isolated to individual 
respective plates every day after plating for one week. At the end of one week plates were 
discarded. 
4.3.2.2. Horseweed Statistical Analysis 
Colony data from the P10VP, PDA, and PYDA medium types were analyzed 
separately. Prior to data analysis data were checked for normality assumptions and 
constant variance using PROC UNIVARIATE and the Shapiro-Wilk test in SAS. The 
P10VP data were square root transformed for normality (Shapiro-Wilk P = 0.0425). 
Transformations were not needed for the PDA data (Shapiro-Wilk P = 0.1174). Colony 
data were then analyzed with the PROC GLM procedure in SAS. Data from two 
experimental runs were combined for each medium type, as an interaction between 
treatments and experimental run did not occur. Data were separated by biotype for data 
analysis, as the resistant and susceptible biotypes responded differently to the glyphosate 
treatment, and biotype was a significant factor. There was no treatment significance in 
the PYDA media, as both the fungicide treatment and glyphosate application had no 
effect on the number of Rhizoctonia spp. colonies isolated from the roots of horseweed; 





Fisher’s Protected LSD at an alpha value set at 0.05. The P10VP data were back-
transformed for presentation.  
Dry weight shoot data from four plants within each ring were averaged. Prior to 
data analysis dry weight data were checked for normality assumptions and constant 
variance using PROC UNIVARIATE and the Shapiro-Wilk test in SAS 9.2. No 
transformations were needed (Shapiro-Wilk P=0.8526). Dry weight shoot data were then 
analyzed with the PROC GLM procedure in SAS. Data were separated by biotype for 
data analysis, as they responded differently to the glyphosate treatment and were 
significantly different. For each biotype, data from two experimental runs were 
combined, as an interaction between the treatments and experimental run did not occur. 
Within a biotype data were separated by glyphosate for data analysis, as glyphosate was a 
significant factor. Fungicide factor was not significant for both the resistant and 
susceptible biotypes. Mean estimates were separated by Fisher’s Protected LSD test at an 
alpha value set at 0.05. 
4.4. Results and Discussion 
Three different fungicides belonging to different chemical groups were used to 
protect plants against three soil microbial genera of interest: Pythium spp., Fusarium spp., 
and Rhizoctonia spp. These systemic, protective fungicides were applied as a soil drench, 
allowing for systemic plant uptake through the roots prior to the glyphosate application. 





study, no adverse effects of the fungicides applied either alone or in combination to giant 
ragweed and horseweed biotypes  were observed. 
4.4.1. Giant Ragweed Greenhouse Experiment 
In the absence of glyphosate, dry weight of the glyphosate-resistant biotype 
differed depending on the fungicide that was applied. When all three fungicides were 
applied in combination (mefenoxam + thiophanate-methyl + flutolanil) the glyphosate-
resistant biotype had a greater amount of biomass (1.03 g) than the thiophanate-methyl 
(0.67 g) and flutolanil (0.68 g) treatments and similar to the no fungicide control (0.78 g) 
and the mefenoxam (0.80 g) treatments (Table 4.2).  
When glyphosate was applied at 0.84 kg ha-1 the dry weight of the glyphosate-
resistant biotype was reduced the most in plants that were only protected by thiophanate-
methyl (0.32 g) and flutolanil (0.39 g), which are active against Fusarium and 
Rhizoctonia spp., respectively (Table 4.2). Interestingly, mefenoxam, which is active 
against oomycetes (i.e. Pythium and Phytophthora spp.) was the only individually applied 
fungicide in which a reduction in dry weight was not observed. The addition of 
mefenoxam may be playing a larger role in root protection in the mefenoxam + 
thiophanate-methyl + flutolanil treatment, compared to the addition of the thiophanate-
methyl and flutolanil fungicides. However, in general, none of the fungicides applied 
influenced the amount of dry weight, when comparing with the no fungicide control 28 





The dry weight biomass of the glyphosate-susceptible biotype was not influenced 
by any of the fungicide applications, in the absence of glyphosate. After a glyphosate 
application of 0.84 kg ha-1 the dry weight of the no fungicide control was 0.31 g, which 
was not different than any of the treatments which received a fungicide (Table 4.2). The 
dry weight of plants protected by only thiophanate-methyl (0.10 g) or flutolanil (0.14 g) 
were reduced when compared to the mefenoxam (0.52 g) treatment (Table 4.2), similar to 
the glyphosate-resistant biotype.  
Whole root samples were observed from one extra glyphosate-resistant and-
susceptible plant per fungicide treatment, at 5 DAT with glyphosate. Root necrosis and 
maceration were observed in the susceptible biotype only when the fungicide mefenoxam 
was not applied (Figure 4.1). Mefenoxam provided plant protection from root and crown 
diseases caused by oomycete pathogens. When the susceptible biotype was not treated 
with mefenoxam it can be hypothesized that oomycete pathogens are infecting the roots 
after the glyphosate treatment, which may be responsible for the difference in dry weight 
compared to the thiophanate-methyl and flutolanil treatments. Interestingly, root necrosis 
5 DAT was not observed among the resistant biotype when treated with glyphosate 
(Figure 4.1), regardless of the fungicide treatment. 
In general, the application of fungicides used in this study did not have a large 
effect on the dry weight of either the resistant or susceptible biotypes of giant ragweed 
after a glyphosate application, although an application of the fungicide mefenoxam did 
reveal a minor reduction in control of both the glyphosate-resistant and -susceptible 





oomycete pathogens may play a larger role in glyphosate efficacy than Fusarium spp., or 
thiophanate-methyl used in this study may not have been successful at protecting against 
Fusarium spp. on this weed species.  
In a previous study the systemic fungicide metalaxyl, which was also used to 
control the oomycete pathogens Pythium and Phytophthora spp., was shown to protect 
bean plants grown in Pythium spp. infested soils from a glyphosate treatment (Johal and 
Rahe 1984). One hundred percent of the bean plants were killed when grown in soil or 
vermiculite amended with Pythium spp. and treated with glyphosate, while 0% of the 
bean plants grown in Pythium spp. infested soils treated with metalaxyl were killed after 
a glyphosate application (Johal and Rahe 1984). In our study, protection against select 
oomycete infection may have given the plant a slight advantage to overcome the 
reduction in dry weight caused by glyphosate. 
4.4.2. Horseweed Field Experiment 
The glyphosate-resistant biotype showed no adverse response to the various 
fungicide treatments, in the absence of glyphosate. After the glyphosate application (0.84 
kg ha-1), the dry weight response of the glyphosate-resistant biotype was the same in both 
fungicide treated and  untreated. However, a difference in dry weight of 1.23 g and 2.81 g 
was observed when comparing the flutolanil and mefenoxam + thiophanate-methyl + 
flutolanil treatment after the glyphosate application, respectively (Table 4.3). Overall, the 
fungicides applied to the resistant biotype had little to no effect on the dry weight after 





had no effect on the efficacy of glyphosate on giant ragweed biotypes (Schafer et al. 
2012). Therefore the lack of control achieved with glyphosate, regardless of the fungicide 
treatment was not surprising, and can be attributed to the high level of resistance of this 
biotype to glyphosate. In another field experiment the co-application of a number of 
different fungicides with glyphosate was also not shown to affect visual weed control and 
weed density, compared to glyphosate applied alone (Bradley and Sweets 2008).  
Root colonization of the glyphosate-resistant biotype by oomycete pathogens 
(Pythium and Phytophthora spp.) on P10VP media, and Fusarium spp. on PDA media was 
also observed. The number of oomycete colonies per P10VP plate isolated from 
mefenoxam treated plant roots was reduced to from 2.6 to 0.6 when 0.84 kg ha-1 when 
glyphosate was applied (Table 4.4). In all other fungicide treatments the number of 
oomycete colonies isolated on P10VP did not differ after a glyphosate application (Table 
4.4). The number of Fusarium spp. isolated on PDA was not affected by a glyphosate 
application in the glyphosate-resistant biotype. Schafer et al. (2013) also reported that a 
glyphosate application of 0.7 and 3.9 kg ha-1 had no effect on the total number of 
microbial colonies isolated from this glyphosate-resistant horseweed biotype.  
The glyphosate-susceptible biotype was completely controlled with 0.84 kg ha-1 
of glyphosate and was not affected by any of the fungicide treatments (Table 4.3). At this 
glyphosate rate, a growth reduction of approximately 60% (GR60) was previously 
observed for this horseweed biotype, in a greenhouse experiment (Schafer et al. 2012). 
We concluded that the rate of glyphosate (0.84 kg ha-1) used in this study consequently 





play a role in glyphosate efficacy in horseweed, as observed by Schafer et al. (2012), 
although it is possible that fungicides used in this study did not provide enough protection 
from pathogenic microbes found in the field environment. 
Root colonization of the glyphosate-susceptible biotype by oomycete colonies 
increased after a glyphosate application, when no fungicide control and flutolanil were 
applied. The number of oomycete colonies per P10VP plate increased from 0.6 colonies 
when no glyphosate was applied to 4.1 colonies after a glyphosate application, on the no 
fungicide control treatment (Table 4.5). When treated with flutolanil the number of 
oomycete colonies per P10VP plate increased from 0.3 when no glyphosate was applied to 
4.3 when treated with glyphosate (Table 4.5). The number of oomycete colonies isolated 
from a glyphosate-treated plant was less when the plant was treated with mefenoxam 
alone, compared to the control which received no fungicide treatment. Similar results 
were observed in Schafer et al. (2013), as the number of oomycete colonies isolated from 
the same susceptible biotype increased as the rate of glyphosate increased from 0 to 3.9 
kg ha-1. The number of Fusarium spp. colonies isolated on PDA media from the 
glyphosate-susceptible biotype increased from 0.6 untreated to 3.3 (Table 4.5) after a 
glyphosate application, only when flutolanil was applied individually.  
Overall, fungicides did not play a large role in reducing glyphosate injury of both 
giant ragweed and horseweed biotypes. The fungicides used in this study were not 
labeled for use on weed species, therefore the efficacy of these fungicides are unknown 
and may have been limited. The ability of a fungicide to protect a plant from a pathogen 





different fungicides or weed species. Our results indicate that protection from oomycete 
pathogens may provide a small degree of protection of glyphosate-treated giant ragweed, 
but the effects seen in this experiment were minor. Further exploration into the synergism 
of specific soil microbes, potentially oomycete pathogens, with glyphosate is needed to 
identify the role these microbes may play on weed control and glyphosate-resistance in 
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 Table 4.1 List of fungicide treatments used as a soil drench in this study. 
 
Fungicide Rate Activity Product 
Mefenoxam 0.5 pt acre-1 Pythium and Phytophthora spp. Ridomil Gold® Bravo® 
Thiophanate-methyl 1 lb acre-1 Fusarium spp. 336®F 
Flutolanil 1 pt ft-2 Rhizoctonia spp. Prostar® 
Mefenoxam + thiophanate-methyl + flutolanil —a — — a 
Control — —  Deionized water 








Table 4.2 Shoot biomass of glyphosate-resistant and -susceptible giant ragweed plants treated with a fungicide one week prior 
to and weekly after a glyphosate treatment of 0.84 kg ae ha-1, in the greenhouse. 
 
Fungicide Glyphosate-resistant Glyphosate-susceptible 
 
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate  
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate 
__________________________________ Dry weight (g) _________________________________ 
Control a  0.78 ABa b 0.53 ABCa 0.83  A c 0.31 AB 
Mefenoxam  0.80 ABa 0.64 ABCa 0.94  A 0.52 A 
Thiophanate-methyl  0.67 Ba 0.32 Cb 0.79  A 0.10 B 
Flutolanil  0.68 Ba 0.39 BCb 0.81  A 0.14 B 
Mefenoxam + thiophanate-methyl + flutolanil 1.03 Aa 0.66 Ab 0.78  A 0.42 AB 
a Control = deionized water was applied. 
 
b Treatment means of the glyphosate-resistant biotype within a row followed by the same UPPERCASE letter are not different 
at P ≤ 0.05. Differences within a column of the glyphosate-resistant biotype are designated with lowercase letters. 
 
c Treatment means of the glyphosate-susceptible biotype followed by the same letter within a column are not different at P ≤ 












 Table 4.3 Shoot biomass of glyphosate-resistant and -susceptible horseweed plants treated with a fungicide one week prior to 
and weekly after a glyphosate treatment of 0.84 kg ae ha-1, in the field. 
 
Fungicide Glyphosate-resistant Glyphosate-susceptible 
 
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate  
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate 
__________________________________ Dry weight (g) b ________________________________ 
Control a  2.16 A 1.44 AB 6.27 A  0 c A 
Mefenoxam  3.41 A 1.69 AB 5.87 A    0 A 
Thiophanate-methyl  3.59 A 1.55 AB 5.74 A    0 A 
Flutolanil  3.36 A 1.23 B 4.61 A    0 A 
Mefenoxam + thiophanate-methyl + flutolanil 3.49 A 2.81 A 5.47 A    0 A 
a Control = deionized water was applied. 
 
b Treatment means followed by the same letter within a column are not different at P ≤ 0.05. 
 






Table 4.4 Glyphosate-resistant horseweed root colonization by soil microbes 5 DAT of 0.84 kg ae ha-1 of glyphosate. Plants  
were treated with the fungicides prior to the glyphosate treatment and roots were plated onto selective media. For the 
isolation of oomycete pathogens, Pythium and Phytophthora spp., roots were plated onto P10VP and for the isolation of 
Fusarium spp. roots were plated onto PDA.a 
 
Fungicide treatment  P10VP  PDA 
 
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate  
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate 
_____________________________ No. colonies (per plate) c ___________________________ 
Control b 2.2 ABC 2.3 AB 3.5 A 1.3 AB 
Mefenoxam  2.6 A 0.6 D 2.6 AB 0.9 B 
Thiophanate-methyl  0.6 CD 0.8 BCD 0.7 B 0.7 B 
Flutolanil  1.4 ABC 0.8 ABCD 2.9 AB 1.1 B 
Mefenoxam + thiophanate-methyl + flutolanil  1.1 ABCD 1.1 ABC 0.9 B 1.7 AB 
a Abbreviations: P10VP, Pythium selective media; PDA, potato dextrose agar. 
 
b Control = deionized water was applied. 
 






Table 4.5 Glyphosate-susceptible horseweed root colonization by soil microbes 5 DAT of 0.84 kg ae ha-1 of glyphosate. Plants  
were treated with the fungicides prior to the glyphosate treatment and roots were plated onto selective media. For the 
isolation of oomycete pathogens, Pythium and Phytophthora spp., roots were plated onto P10VP and for the isolation of 
Fusarium spp. roots were plated onto PDA.a 
 
Fungicide treatment  P10VP  PDA 
 
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate  
No            
glyphosate 
0.84 kg ae ha-1 
glyphosate 
_____________________________ No. colonies (per plate) c ___________________________ 
Control b 0.6 BC 4.1 A 2.3 AB 1.6 AB 
Mefenoxam  0.0 C 1.4 BC 1.4 AB 2.5 AB 
Thiophanate-methyl  0.7 BC 2.0 ABC 0.4 B 1.0 AB 
Flutolanil  0.3 BC 4.3 A 0.6 B 3.3 A 
Mefenoxam + thiophanate-methyl + flutolanil  0.4 BC 3.0 AB  0.5 B 1.0 AB 
a Abbreviations: P10VP, Pythium selective media; PDA, potato dextrose agar. 
 
b Control = deionized water was applied. 
 







Figure 4.1 Giant ragweed root necrosis of glyphosate-resistant (a) and -susceptible (b)  
biotypes 5 DAT of 0.84 kg ae ha-1 of glyphosate. Plants were treated with the 
following fungicides prior to the glyphosate treatment: Mefenoxam (1) active 
against Pythium and Phytophthora spp., Thiophanate-methyl (2) active against 
Fusarium spp., Flutolanil (3) active against Rhizoctonia spp., all three fungicides 





 ROLE OF PYTHIUM SUSCEPTIBILITY IN GLYPHOSATE 
EFFICACY ON GIANT RAGWEED BIOTYPES 
5.1. Abstract 
Pythium spp. frequently colonized the roots of glyphosate-treated crop plants and 
weed species, playing a role in the herbicidal activity of glyphosate. Previous research on 
giant ragweed biotypes revealed Pythium spp. colonization increased after a glyphosate 
application, however only in the glyphosate-susceptible (GS) biotype, and not in the 
glyphosate-resistant (GR) biotype. Therefore, the ability of giant ragweed to tolerate a 
glyphosate application may involve differences in the susceptibility to soil microbial 
colonization, specifically Pythium spp. The objectives of this study were to further 
evaluate the susceptibility of GS and GR giant ragweed biotypes to isolates of P. ultimum 
and P. aphanidermatum and to determine if P. aphanidermatum, isolated from 
glyphosate-treated giant ragweed enhanced glyphosate efficacy on GS and GR giant 
ragweed biotypes. Two separate experiments were conducted. In the first experiment 
giant ragweed biotypes were planted in sand-cornmeal that was inoculated with either P. 
ultimum, P. aphanidermatum, or not inoculated, and the tolerance of each biotype to 
these Pythium spp. was measured in the absence of glyphosate. In the second experiment 
giant ragweed biotypes were grown in a potting medium inoculated with a low 
concentration of P. aphanidermatum, glyphosate was applied at rates of 0, 0.42, 0.84, 
1.68, 3.36, or 6.72 kg ae ha-1, and dry weight measurements were taken 21 days after 
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treatment (DAT). In the first experiment, at 6 and 8 days after inoculation (DAI) 100% of 
GR and GS plants were killed by P. aphanidermatum and P. ultimum, respectively. The 
results of this experiment indicate that both the GR and GS biotypes are sensitive to P. 
ultimum and P. aphanidermatum, and do not differ in the degree of susceptibility under 
disease conducive experimental conditions. In the second experiment P. aphanidermatum 
did not appear to play a role in glyphosate efficacy on giant ragweed biotypes. Thus, 
these experiments showed no differences in susceptibility to Pythium spp. between the 
GS and GR biotypes of giant ragweed. We note, however, that only two Pythium spp. 
were studied in these two experiments. Other Pythium spp. need to be investigated to 
















Many studies have investigated the interactions among herbicides and plant 
pathogens (Altman and Campbell 1977; Johal and Rahe 1984; Keen et al. 1982; Kremer 
and Means 2009; Lévesque and Rahe 1992; Rahe et al. 1990; Schafer et al. 2013; Sharon 
et al. 1992). Much of this research has focused on the herbicide glyphosate, due to its 
unique mode of action and importance in many weed management systems. Glyphosate 
suppresses the production of aromatic amino acids by inhibiting the enzyme 5-
enolpyruvylshikimate-3-phosphate synthase within the shikimate acid pathway (Duke 
and Powles 2008; Steinrücken and Amrhein 1980). Suppression of aromatic amino acids 
can consequently lead to a disruption of plant defense, and this has been reported to 
induce pathogen susceptibility in glyphosate-treated plants (Altman and Campbell 1977). 
Liu et al. (1997) reported that glyphosate (100 µg) applied 2 d prior to inoculation with 
Pythium spp. suppressed lignin production in common bean (Phaseolus vulgaris L.) 
seedlings, therefore allowing the Pythium spp. to infect the roots of the glyphosate-treated 
bean plants. 
In previous research, Pythium spp. have been frequently identified as a key 
microorganism playing a role in the interaction with glyphosate, as these organisms are 
frequently isolated from the roots of glyphosate-treated crop plants and weed species. 
(Descalzo et al. 1998; Johal and Rahe 1984; Lévesque et al. 1993; Liu et al. 1995, 1997; 
Schafer et al. 2013). Pythium spp. were the most frequent colonizer of glyphosate-treated 
wheat (Triticum sp.) and common bean seedling roots, in a study evaluating the effect of 
glyphosate on fungal colonization (Lévesque et al. 1993). Root colonization by Pythium 
spp. also increased in glyphosate-treated henbit (Lamium amplexicaule L.), downy brome 
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(Bromus tectorum L.) (Kawate et al. 1997), and in glyphosate-susceptible (GS) biotypes 
of giant ragweed (Ambrosia trifida L.), horseweed [Conyza canadensis (L.) Cronq.], and 
common lambsquarters (Chenopodium album L.) (Schafer et al. 2013), compared to the 
untreated plants. 
However, colonization of Pythium spp. on glyphosate-treated plant roots is not 
surprising, as Pythium spp. are opportunistic pathogens which take advantage of 
predisposed plant tissue. Yet, interestingly, the presence of soil microorganisms, 
specifically Pythium, has also been reported to play a role in the herbicidal activity of 
glyphosate. Glyphosate (10 µg) applied to common bean seedlings grown in sterile soil 
killed 0% of the plants; however the addition of Pythium spp. to the sterile soil increased 
plant death after a glyphosate application to 100% (Johal and Rahe 1984). Rahe et al. 
(1990) described this Pythium spp. as a glyphosate synergist, contributing to the efficacy 
of the herbicide. Three species of Pythium: P. sylvaticum, P. ultimum, and P. irregulare, 
were identified as glyphosate synergists on glyphosate-treated bush bean (Phasealus 
vulgaris L. cv. Topcrop) seedlings grown in five different soils (Descalzo et al. 1996). 
Although, these Pythium spp. are common pathogens of bean seedlings, this study 
revealed that numerous Pythium spp. present in a variety of soils can be involved in 
glyphosate synergism.  
Similar to bean seedlings, the presence of soil microorganisms also increased the 
efficacy of glyphosate on both GS and glyphosate-resistant (GR) biotypes of giant 
ragweed when grown in unsterile field soil, compared to sterile field soil (Schafer et al. 
2012). However, an increase in oomycete colonization, predominantly Pythium spp., after 
a glyphosate application of 1.6 kg ha-1 was only observed in the GS biotype grown in 
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unsterile field soil, compared to the GR biotype grown in unsterile field soil (Schafer et 
al. 2013). The Pythium spp. associated with the GS biotype, and not the GR biotype, may 
indicate that susceptibility to Pythium spp. after a glyphosate application may differ 
among giant ragweed biotypes. Therefore, if these Pythium spp. play a role in glyphosate 
efficacy on giant ragweed, then elevated tolerance to Pythium spp. may also play a role in 
resistance to glyphosate.  
This study had two objectives. First, to evaluate the susceptibility of GS and GR 
giant ragweed biotypes to an isolate of P. ultimum and P. aphanidermatum to determine 
if giant ragweed biotypes respond differently to these Pythium isolates, in the absence of 
glyphosate. Our hypothesis of this first objective was that the GS biotype of giant 
ragweed would be more susceptible to both Pythium isolates tested, compared to the GR 
biotype. The next objective of this study was to determine if P. aphanidermatum, isolated 
from glyphosate-treated giant ragweed roots (Schafer et al. 2013), aided in glyphosate 
efficacy on GS and GR giant ragweed biotypes. Our hypothesis of this objective was 
increased glyphosate efficacy would be observed when giant ragweed plants were grown 
in P. aphanidermatum inoculated potting media, aiding in glyphosate activity. To address 
these objectives two Pythium inoculation experiments were conducted on GS and GR 
giant ragweed biotypes in a controlled growth chamber environment. 
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5.3. Materials and Methods 
5.3.1. Plant Material 
Previously characterized glyphosate-susceptible (GS) and glyphosate-resistant 
(GR) biotypes of giant ragweed were used in the following experiments. The GS giant 
ragweed seed was collected from Darke County, Ohio and the GR biotype from Noble 
County, Indiana (Stachler 2008) and stored at 4 C. The seeds were pregerminated by 
burying wire mesh bags containing seed in a field soil : sand mixture at 4 C for 4 to 6 wk 
(Westhoven et al. 2008). After dormancy was broken, seeds were planted approximately 
1 cm deep in commercial potting soil (Sun Gro Redi-earth plug and seedling mix, Sun 
Gro Horticulture, Bellevue, WA) in a 288-cell plug tray. Plants were grown in the 
greenhouse under natural lighting supplemented with high-pressure sodium lamps that 
provided 400 µmol m-2 s-1 photosynthetic photon flux density with a 16-h photoperiod. 
Greenhouse day and night temperatures were maintained at 28 and 17 C. Plants were 
watered daily and upon the appearance of the first true leaves seedlings were transplanted 
for experimental use. At seedling transplant, roots were rinsed in sterile deionized water 
(SDW) to remove potting media prior to planting. 
5.3.2. Pythium Inoculum  
Isolates of Pythium used in this study included:  Pythium ultimum, collected from 
a soybean (Glycine max (L.) Merr.) field in Ohio (Dr. Anne Dorrance Lab at The Ohio 
State University), and Pythium aphanidermatum (identified by Purdue Plant and Pest 
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Diagnostic Lab) obtained from a glyphosate-treated giant ragweed roots (Schafer et al. 
2013). Single hyphae tips of P. ultimum and P. aphanidermatum were individually 
transferred onto a Pythium selective media (P10VP) (Singleton et al. 1992) amended with 
a penicillin–streptomycin solution (Sigma-Aldrich Corp, St. Louis, MO), and were 
allowed to grow for 5 d to assure hyphae tips selected were Pythium. Isolates were then 
transferred to a diluted V8 media containing a penicillin–streptomycin antibiotic solution 
to suppress any bacterial growth. Pythium isolates were grown on the V8 media for 
approximately 10 d before use. Sand-corn meal substrate was prepared as described by 
Kirkpatrick et al. (2006), by mixing approximately 600 g course sand, 30 g ground corn 
meal (Yellow Corn Meal, The Quaker Oats Company, Chicago, IL), and 100 ml SDW, 
and autoclaving twice for 40 min 24 h apart. One fully colonized (10 d old) V8 plate was 
cut into 1cm2 pieces and mixed into previously sterilized sand-corn meal substrate. The 
isolates were left to colonize the substrate and were mixed daily to evenly disperse 
inoculum for approximately 10 days at 25 C. Control sand-corn meal substrate was 
prepared as described previously, however the V8 media plate added was sterile.  
5.3.3. Pathogenicity Assay  
The virulence of P. ultimum and P. aphanidermatum on GS and GR biotypes of 
giant ragweed was tested, in the absence of glyphosate. Separate growth chamber 
experiments using P. ultimum and P. aphanidermatum were conducted as a randomized 
complete block design with two treatment factors: giant ragweed biotypes and Pythium 
presence. Each experiment included 24 replications of each treatment and the experiment 
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was conducted twice for each Pythium species. Four replications of each treatment were 
sampled 0, 2, 4, 6, 8, and 10 days after inoculation (DAI).  
Inoculated and control sand-corn meal substrate (160 g ± 5 g) was transferred 
aseptically into 5 fl. oz Styrofoam cups (Great Value, Wal-Mart Stores, Inc., Bentonville, 
AR) containing slits in the bottom, and giant ragweed seedlings were transplanted into 
the sand-cornmeal substrate. A 6.35 x 5.08 cm clear plastic bag was placed to under each 
cup to create a moist, disease conducive environment. All plants were watered with 50 ml 
of SDW every other day for 10 days. The P. ultimum experiment was performed in a 
growth chamber with fluorescent and incandescent lamps that provided 400 µmol m-2 s-1 
photosynthetic photon flux density with a 12-h photoperiod. Growth chamber 
temperatures were maintained at 20 C day and 14 C night, which are the optimal 
temperatures for P. ultimum infection. The P. aphanidermatum experiment was 
performed in a growth chamber, under the same lighting, at 32 C day and 24 C night, 
which are the optimal temperatures for P. aphanidermatum infection. 
On 0, 2, 4, 6, 8, and 10 DAI four replicated samples from each treatment were 
sampled and rated for disease severity, root necrosis, and plated on media to check for the 
presence of Pythium within the root tissue. Shoot tissue was visually rated for disease 
severity based on tissue wilting and necrosis symptoms on a scale of 0 = no symptoms 
present, 1 = 1-20%, 2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and 5 = >100% wilting and 
necrosis corresponding to plant death. Roots were washed from the sand-corn meal 
substrate and visually rated for root necrosis using the disease index scale by Van Os et 
al. (1998); 0 = no necrosis, 1 = 1-20%, 2 = 21-40%, 3 = 41-60%, 4 = 61-80%, and 5 = 
>100% root necrosis. Shoot tissue was separated from the root tissue at the soil line and 
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was discarded. Roots were surface sterilized by soaking for 30 sec in 70% ethyl alcohol 
(Koptec, Glennie Circle, King of Prussia, PA), followed by a 1 min rinse in SDW 
(Singleton et al. 1992), and plated onto P10VP amended with a penicillin–streptomycin 
solution. Plates were placed in an incubator at 25 C and checked for the presence of 
Pythium growth 1 wk after plating. 
5.3.3.1. Statistical Analysis 
Prior to data analysis shoot and root rating data were converted to a percentage 
and checked for normality assumptions and constant variance using PROC 
UNIVARIATE and the Shapiro-Wilk test in SAS 9.2 (SAS Version 9.2, Institute, Inc., 
Cary, NC). Normality assumptions were met and no transformations were necessary. 
Data from two experimental trial runs were combined, as there was no interaction 
between experimental runs. Sampling day was considered an independent variable, and 
the data did not fit a linear regression model. Therefore, both shoot and root data were fit 
to a nonlinear regression model with the drc package in R software (R 2.10, Kurt Hornik, 
http://www.R-project.org). The data were fit to with a three-parameter Weibull model 
(Weibull 1951) (Equation 1). 
f(x) = 0 + (d - 0) exp( exp(b(log(x)  e)))                                       [1] 
In Equation 1, the parameter d is the upper limit, b is the relative slope around e, 
and e is the DAI producing a response halfway between the upper limit (d) and the lower 
limit (c) fixed at zero. A lack-of-fit test indicated that the model accurately described the 
data for both the shoot (Model fit, P = 0.9199) and root data (Model fit, P = 0.9594) for 
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P. ultimum, and for the shoot (Model fit, P = 0.9956) and root data (Model fit, P = 
0.9938) for P. aphanidermatum. 
5.3.4. Glyphosate Efficacy 
The role of P. aphanidermatum on glyphosate efficacy of GS and GR biotypes of 
giant ragweed was tested. A greenhouse experiment using P. aphanidermatum was 
conducted as a randomized complete block design with three-way factorial treatment 
arrangement. Factors included: giant ragweed biotype (GS and GR), P. aphanidermatum 
inoculation (absent and present), and glyphosate rate (0, 0.42, 0.84, 1.68, 3.36, or 6.72 kg 
ae ha-1). The experiment included 4 replications of each treatment and the experiment 
was conducted twice. Sand-corn meal substrate inoculated with P. aphanidermatum and 
control treatment was prepared as described previously (see 5.3.3.). Sand-corn meal 
substrate (5 g) was mixed with sterilize potting media (87 g ± 5 g) and placed in 12 fl. oz 
Styrofoam cups (Great Value, Wal-Mart Stores, Inc) with slits in the bottom. A lower 
concentration of inoculated sand-corn meal substrate was used in this experiment to allow 
plants to grow to an appropriate size to apply glyphosate, without causing plant death.  
Giant ragweed seedlings were transplanted into the sand-cornmeal substrate. 
Under each cup an individual 16.5 x 14.9 cm clear plastic bags (Great Value, Wal-Mart 
Stores, Inc) were placed to induce a disease conducive environment. The experiment was 
conducted in the greenhouse under natural lighting supplemented with high-pressure 
sodium lamps that provided 400 µmol m-2 s-1 photosynthetic photon flux density with a 
16-h photoperiod. Greenhouse day and night temperatures were maintained at 28 and 17 
C. Plants were watered daily and fertilized weekly with a commercial 24-8-16 fertilizer 
136 
 
(Miracle-Gro Water Soluble All Purpose Plant Food, Scotts Miracle-Gro Products Inc., 
Marysville, OH).  
When plants had three to four nodes glyphosate was applied at 0, 0.42, 0.84, 1.68, 
3.36, or 6.72 kg ha-1 prepared from a mixture of the technical-grade solution of the 
isopropylamine salt of glyphosate and a solution of the formulation blank of Glyphomax 
Plus (Glyphomax Plus®, DOW AgroSciences LLC, Indianapolis, IN) as described by 
Smith and Hallett (2006) and Schafer et al. (2012). A fixed concentration of the 
formulation blank solution equivalent to the concentration found in a 0.84 kg ha-1 rate of 
the formulated Glyphomax Plus was used in all treatments to ensure that the 
concentration of adjuvants remained constant as glyphosate concentrations varied (Smith 
and Hallett 2006). All treatments were applied with 2.8 kg ha-1 ammonium sulfate (AMS) 
(N-PAK, Winfield Solutions, LLC., St. Paul, MN) and 0.5% v/v nonionic surfactant 
(NIS) (Preference, Winfield Solutions). The control treatment received the fixed 
concentration of formulation blank, AMS, and NIS without glyphosate. The treatments 
were applied using a laboratory compressed-air spray chamber calibrated to deliver 190 L 
ha-1 carrier volume at a pressure of 230 kPa using a XR8002EVS Teejet nozzle (TeeJet 
Technologies, Wheaton, IL). At 21 days after glyphosate treatment (DAT), living shoot 
biomass was harvested and dried for 5 d in a forced air dryer at 50 C. Individual plant 
shoot tissues were weighed separately to determine plant dry weight. 
5.3.4.1. Statistical Analysis 
Prior to data analysis, dose-response shoot dry weight data were checked for 
normality assumptions and constant variance using PROC UNIVARIATE and the 
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Shapiro-Wilk test in SAS. Normality assumptions were met and no transformations were 
necessary. Data from two experimental trial runs were combined, as there was no 
interaction between treatments. Data were separated by glyphosate rate for data analysis, 
as glyphosate rate was a significant factor. Mean estimates among treatments were 
separated by Fisher’s Protected LSD test at an alpha value set at 0.05.  
Untransformed dry weight data were also fit to a dose-response curve using a 
nonlinear regression model with the drc package in R software (Knezevic et al. 2007). 
The dose-response curve was constructed using the three-parameter log-logistic model in 
Equation 2. 
                                          Y= d / 1 + exp[b(log x – log (e))]                                          [2] 
In Equation 2, the parameter d is the upper limit, b is the relative slope around e, 
and e is the dose producing a response halfway between the upper limit (d) and the lower 
limit (c) fixed at zero. A lack-of-fit test indicated that the model accurately described the 
data with a p-value = 0.9938. 
5.4. Results and Discussion 
5.4.1. Pathogenicity Assay  
Shoot disease severity caused by P. ultimum increased through time in both the 
GS and GR biotypes, reaching approximately 60% 4 DAI in both biotypes. By 8 DAI, 
100% of the plants were killed (Figure 5.1). There was no difference in disease severity 
between the GS and GR biotypes, regardless of the sampling date. 
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Similar results were observed when sampling the root tissue and rating for root 
necrosis, which increased through time, but appeared more rapidly than shoot disease 
severity. At 2 and 4 DAI approximately 40% and 80% of the root tissue was necrotic in 
both biotypes, respectively (Figure 5.2). Root necrosis ratings and visual maceration of 
the roots was similar in the two biotypes 4 DAI (Figure 5.3). By 6 DAI 100% of the root 
tissue was necrotic in both the GS and GR biotypes (Figure 5.2).  
This experiment confirms that at P. ultimum is pathogenic on both GS and GR 
biotypes of giant ragweed under the disease conducive conditions provided. This species 
of Pythium was originally collected from soybean, which is a known host of P. ultimum, 
not giant ragweed. 
Pythium aphanidermatum isolated from glyphosate-treated giant ragweed roots in 
a previous experiment (Schafer et al. 2013) was also pathogenic to giant ragweed. The 
shoot disease severity caused by P. aphanidermatum also increased as the DAI increased, 
in both the GS and GR biotypes. Interestingly, at 2 DAI Pythium severity was 33% and 
55% on GS and GR biotypes, respectively: greater on the GR biotype than the GS 
biotype (Figure 5.4).  However, by 4 DAI the Pythium severity was approximately 80% 
on both biotypes, and by 6 DAI 100% of the plants were killed (Figure 5.4). Although, 
the GR biotype revealed a greater susceptibility to P. aphanidermatum compared to the 
GS biotype, there was no difference in overall plant death. 
There was no difference in root necrosis between the GS and GR biotypes, across 
all DAI ratings (Figure 5.5). At 6 DAI 100% of the root tissue was necrotic among both 
biotypes (Figure 5.5).  
139 
 
Roots sampled from both experiments at each sample date were plated onto a 
Pythium selective media, P10VP, to check for the presence of Pythium within the necrotic 
roots. Pythium was isolated from all symptomatic root tissue, from both GS and GR root 
tissue. Pythium was not isolated from root tissue which was grown in the sterile sand-
corn meal substrate. Both P. ultimum and P. aphanidermatum were successful at 
infecting and killing the GR and GS biotypes, and no differences were observed between 
the GS and GR biotypes in disease severity or root necrosis. 
5.4.2. Glyphosate Efficacy 
The role of P. aphanidermatum in glyphosate efficacy was evaluated in both GR 
and GS biotypes of giant ragweed 21 DAT. Dry weight response data was accurately 
modeled by the dose-response curve; both GR and GS biotypes dry weight decreased as 
the glyphosate rate increased (Figure 5.6). In the absence of glyphosate, the dry weight of 
the GR and GS biotypes was 0.80 g and 1.03 g, respectively, when grown in sterile 
potting media and 1.30 g when grown in P. aphanidermatum inoculated potting media 
(Table 5.1). The growth of neither biotype was influenced by the presence or absence of 
P. aphanidermatum within the soil medium. In 5.4.1. we noted that the inoculum load of 
P. aphanidermatum in this experiment was much lower than in the first experiment. 
The dry weight of plants was decreased in all treatments with glyphosate rates of 
0.42, 0.84, and 1.68 kg ha-1 (Figure 5.6). However, at these rates, the GS and GR 
biotypes responded the same to glyphosate, regardless of the presence or absence of P. 
aphanidermatum within the soil. When 3.36 kg ha-1 glyphosate was applied the dry 
weight of the GS biotype was 0.16 g and 0.19 g when grown in sterile potting media and 
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P. aphanidermatum inoculated media, respectively (Table 5.1). At this same rate, the dry 
weight of the GR biotype was 0.59 g and 0.30 g when grown in sterile potting media and 
P. aphanidermatum inoculated media, respectively (Table 5.1). At this rate, glyphosate 
efficacy on each biotype was the same in the presence or absence of P. aphanidermatum. 
Yet, as expected the GR grown in sterile potting media had a greater amount of dry 
weight compared to the GS grown in sterile potting media and P. aphanidermatum 
inoculated media. At the highest rate of glyphosate used in this study, 6.72 kg ha-1, the 
dry weight of the GR biotypes was 0.28 g, both when grown in sterile potting media and 
P. aphanidermatum inoculated media (Table 5.1). While the GS biotypes dry weight was 
0.11 g and 0.04 g grown in sterile potting media and P. aphanidermatum inoculated 
media, respectively (Table 5.1). Again, P. aphanidermatum had no effect on glyphosate 
efficacy within biotypes, but the GS biotype had less biomass than the GR biotype when 
grown in P. aphanidermatum inoculated media. Interestingly, the biomass of the GS 
biotype grown in sterile media was not different than the GR treatments and P. 
aphanidermatum inoculated media. 
In conclusion, both P. ultimum and P. aphanidermatum were pathogenic on both 
GS and GR biotypes of giant ragweed under the conducive conditions provided. 
However, P. aphanidermatum did not appear to play a role in glyphosate efficacy on 
giant ragweed biotypes, at the inoculum levels present.  
The first experiment confirmed that both P. ultimum and P. aphanidermatum have 
the potential to cause disease on giant ragweed, when grown under disease conducive 
conditions. Imposing Pythium infection on a weed species, in the absence of glyphosate 
was rather difficult, requiring us to use disease conducive environmental conditions, 
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including waterlogged soils and high humidity that are not ideal for the growth of giant 
ragweed. In the second experiment, the P. aphanidermatum inoculum load was much 
lower than the first experiment to allow plants to grow to the appropriate growth stage for 
glyphosate application. The amount of inoculum present was much lower than in the first 
experiment and may not have been sufficient to cause disease.  
Thus, these experiments do not provide evidence that differences in susceptibility 
to P. ultimum or P. aphanidermatum are involved in the differential response to 
glyphosate in the GR and GS biotypes. However, this study is very specific to two 
Pythium spp., very precise environmental conditions, and two weed biotypes and is not 
sufficient evidence to disprove our hypothesis that glyphosate-resistance may be 
mediated by soil-borne pathogens, either. While P. aphanidermatum did not play a role in 
glyphosate efficacy on giant ragweed biotypes under the conditions provided, other soil-
borne pathogens or other Pythium spp., may.    
Overall, we presented two experiments investigating the role of Pythium spp. in 
the differential response of GS and GR giant ragweed biotypes to glyphosate. These 
experiments exhibited conclusive results, but cannot be extrapolated, we highlight the 
difficulty in investigating this phenomenon because of the epidemiology and biology of 
the Pythium-giant ragweed interaction. Pythium are natural pathogens of plants, however 
there is no record of them as natural pathogens of weeds, specifically giant ragweed. 
Pythium spp. are, however, common pathogens of compromised plants, including 




In these experiments, we had to compromise plants with high humidity and 
waterlogging, and present them with high inoculum loads of Pythium spp., to promote 
disease. It is only under these specific conditions that disease occurred, and found to be 
similar in both biotypes. We now know that glyphosate efficacy is enhanced by soil-
borne microbes (Johal and Rahe 1984; Schafer et al. 2012), and that Pythium spp. are 
frequently implicated (Schafer et al. 2013). The experiments reported here attempt to gain 
further insight into the potential role of rhizosphere-mediated selection for glyphosate-
resistance, but, under the disease conducive conditions used in our experiments, no 
evidence for this was found. This evidence, while in no way support our hypothesis, is 
not sufficient evidence to disprove it, either. Further research is suggested to understand 
the interaction between weeds and soil-borne microbes, particularity in the rhizosphere, 
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Table 5.1 Dry weight response of glyphosate-resistant and -susceptible giant ragweed  
plants 21 days after treatment (DAT) of a range of glyphosate rates when grown in 
either non-inoculated potting media or P. aphanidermatum inoculated potting 
media. 
 
Treatment  Glyphosate rate (kg ae ha-1) 
  0 0.42 0.84 1.68 3.36 6.72 
 
 ________________________________ Dry weight (g) b  ______________________________ 
GR control a  0.80 A 0.67 A 0.53 A 0.53 A 0.59 A 0.28 A 
GR pythium  1.30 A 0.51 A 0.25 A 0.30 A   0.30 AB 0.28 A 
GS control  1.03 A 0.61 A 0.20 A 0.52 A 0.16 B   0.11 AB
GS pythium  1.30 A 0.70 A 0.34 A 0.46 A 0.19 B   0.04 B 
a Abbreviations: GR control, resistant biotype grown in potting media; GR pythium, 
resistant biotype grown in P. aphanidermatum inoculated potting media; GS control, 
susceptible biotype grown in potting media; GS pythium, susceptible biotype grown in P. 
aphanidermatum inoculated potting media. 
 

























Figure 5.1 Giant ragweed shoot data for P. ultimum were modeled with a three-parameter  
Weibull model, f(x) = 0 + (d - 0) exp( exp(b(log(x)  e))). Parameter estimates ± 
standard error are:  GS: b = 1.61 ± 0.21, d = 103.16 ± 4.40, e = 4.03 ± 0.30, GR:  
b = 1.67 ±  0.22, d = 103.70 ± 5.05, e = 4.39 ± 0.34 with a model fit P = 0.9199. 
































Figure 5.2 Giant ragweed root data for P. ultimum data were modeled with a three- 
parameter Weibull model, f(x) = 0 + (d - 0) exp( exp(b(log(x)  e))). Parameter 
estimates ± standard error are:  GS: b = 1.74 ± 0.17, d = 100.58 ± 1.57, e = 2.98 ± 
0.13, GR:  b = 2.00 ±  0.20, d = 100.30 ± 1.49, e = 2.97 ± 0.12 with a model fit P 
= 0.9594. GS, glyphosate-susceptible; GR, glyphosate-resistant. 
 
 

























Figure 5.3 Giant ragweed root necrosis at 4 DAI of P. ultimum of (a) glyphosate- 
susceptible biotype control, (b) susceptible biotype inoculated with P. ultimum, 
(b) glyphosate-resistance biotype control, and (c) resistance biotype inoculated 








Figure 5.4 Giant ragweed shoot data for P. aphanidermatum were modeled with a three- 
parameter Weibull model, f(x) = 0 + (d - 0) exp( exp(b(log(x)  e))). Parameter 
estimates ± standard error are:  GS: b = 2.11 ± 0.28, d = 100.54 ± 2.64, e = 3.13 ± 
0.17, GR:  b = 1.26  ±  0.29, d = 101.27 ± 3.86, e = 2.36 ± 0.24 with a model fit P 



























Figure 5.5 Giant ragweed root data for P. aphanidermatum were modeled with a three- 
parameter Weibull model, f(x) = 0 + (d - 0) exp( exp(b(log(x)  e))). Parameter 
estimates ± standard error are: GS: b = 2.08 ± 0.22, d = 100.90 ± 2.31, e = 3.33 ± 
0.15, GR:  b = 2.58 ±  0.33, d = 100.06 ± 2.37, e = 2.97 ± 0.15 with a model fit P 




























Figure 5.6 Giant ragweed response 21 days after glyphosate treatment (DAT) of  
glyphosate-resistant and glyphosate-susceptible biotypes grown in Pythium 
inoculated potting media or sterile potting media. Model fit 0.9938 using three-
parameter log-logistic model, Y= d / 1 + exp[b(log x – log (e))]. Parameter 
estimates ± standard error are: GR control: b = 0.71 ± 0.60, d = 0.80 ± 0.18, e = 
3.54 ± 3.80, GR pythium:  b = 0.24 ± 0.26, d = 1.30 ± 0.16, e = 0.02 ± 0.10, GS 
control: b = 0.92 ± 0.58, d = 1.04 ± 0.14, e = 0.49 ± 0.29, GS pythium: b = 0.96  ±  
0.44, d = 1.30 ± 0.14, e = 0.46 ± 0.21. GR control, resistant biotype grown in 
potting media; GR pythium, resistant biotype grown in P. aphanidermatum 
inoculated potting media; S control, susceptible biotype grown in potting media; S 
pythium, susceptible biotype grown in P. aphanidermatum inoculated potting 
media.


















 RHIZOSPHERE MICROBIAL COMMUNITY DYNAMICS IN 
GLYPHOSATE-TREATED SUSCEPTIBLE AND RESISTANT BIOTYPES OF 
GIANT RAGWEED 
6.1. Abstract 
In a previous study, glyphosate-susceptible and -resistant giant ragweed biotypes 
grown in sterile field soil survived a higher rate of glyphosate than those grown in 
unsterile field soil, and the roots of the susceptible biotype were colonized by a larger 
number of soil microorganisms than those of the resistant biotype when treated with 1.6 
kg ae ha-1 glyphosate. Thus, we conclude that soil-borne microbes play a role in 
glyphosate activity and hypothesize that the ability of the resistant biotype to tolerate 
glyphosate may involve microbial interactions in the rhizosphere. The objective of this 
study was to evaluate differences in the rhizosphere microbial communities of 
glyphosate-susceptible and -resistant giant ragweed biotypes three days after a glyphosate 
treatment. Giant ragweed biotypes were grown in the greenhouse in unsterile field soil 
and glyphosate was applied at either 0 or 1.6 kg ha-1. Rhizosphere soil was sampled three 
days after the glyphosate treatment, and DNA was extracted, purified, and sequenced 
utilizing Illumina Genome Analyzer next-generation sequencing. Metagenomics analysis 
was conducted to evaluate the taxonomic distribution of the microbial community, 
diversity, genera abundance, and community structure within the rhizosphere of the two 
giant ragweed biotypes in response to a glyphosate application. Bacteria comprised 
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approximately 96% of the total microbial community in both biotypes, and differences in 
the distribution of some microbes at the phyla level were observed. Select soil-borne 
plant pathogens (Verticillium and Xanthomonas) and plant growth promoting 
rhizobacteria (Burkholderia) present in the rhizosphere were influenced by either biotype 
or glyphosate application. We did not, however, observe large differences in the diversity 
or structure of soil microbial communities among our treatments. The results of this study 
indicate that challenging giant ragweed biotypes with glyphosate causes perturbations in 
rhizosphere microbial communities and that the perturbations differ between the 
susceptible and resistant biotypes. However, biological relevance of the rhizosphere 

















 Glyphosate is the most widely used herbicide for broad-spectrum weed control in 
production agriculture, urban environments, and natural ecosystems (Duke and Powles 
2008; Pollegioni et al. 2011). The herbicidal activity on a wide range of plant species is 
attributed to glyphosate’s highly specific molecular target, the enzyme 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) within the shikimate acid pathway 
(Steinrücken and Amrhein 1980), which is present in all plants and a variety of 
microorganisms (Bentley 1990; Pollegioni et al. 2011; Weaver and Herrmann 1997). 
Glyphosate inhibits EPSPS, therefore disrupting the production of the aromatic amino 
acids phenylalanine, tyrosine, and tryptophan (Steinrücken and Amrhein 1980).  
 Glyphosate use in production agriculture increased drastically after the 
introduction and rapid adoption of glyphosate-resistance (GR) soybean (Glycine max (L.) 
Merr.) in 1996 and GR corn (Zea mays L.) in 1998 (Dill et al. 2008; Duke and Powles 
2008). In 2012, 93% of the soybean and 73% of the corn acres planted in the United 
States were GR (USDA 2012). Over reliance on GR cropping systems for weed control 
has led to the evolution of GR weeds (Dill et al. 2008; Duke and Powles 2008; Powles 
and Preston 2006). Since 1996, the number and prevalence of GR weed species has 
continued to increase (Heap 2013); however, the specific mechanism of resistance in 
many GR weed species is not fully understood. 
Soil microorganisms have been shown to play an important role in the herbicidal 
activity and plant tolerance to glyphosate, on specific weed species and crop plants (Johal 
et al. 1984; Schafer et al. 2012). Glyphosate-susceptible (GS) and GR biotypes of giant 
ragweed (Ambrosia trifida L.) grown in sterile field soil, in the absence of soil microbes, 
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were able to survive a higher rate of glyphosate compared to plants grown in unsterile 
field soil, containing soil microbes (Schafer et al. 2012). The dose of glyphosate required 
to achieve a growth reduction of 50% (GR50) in the GS biotype was 8.6-fold greater when 
the plants were grown in sterile field soil compared to unsterile field soil, and 4.2-fold 
greater for the GR biotype grown in sterile field soil compared to unsterile field soil 
(Schafer et al. 2012). The activity of glyphosate on giant ragweed biotypes was shown to 
be greatly affected by the presence soil microbes in the growth media.  
Glyphosate entering the soil profile either through a burndown application, POST 
application to GR crops, or when leached into the rhizosphere from root exudates of a 
glyphosate-treated plant has the potential to directly impact root microbial interactions 
(Bromilow et al. 1993; Coupland and Caseley 1979; Franco et al. 2012; Hetherington et 
al. 1999; Kremer et al. 2005; Laitinen et al. 2007; Rodrigues et al. 1982). Kremer et al. 
(2005) reported that glyphosate was detected at concentrations >1,000 ng plant-1 in root 
exudates of GR soybean 16 days after a glyphosate treatment. The glyphosate application 
also increased the concentration of exudated carbohydrates and amino acids, increasing 
the growth of select Fusarium spp., compared to untreated soybean root exudates 
(Kremer at al. 2005).  
Studies have utilized various techniques to study the effect of glyphosate on the 
soil microbial community; however results from these studies have been inconclusive and 
cannot be generalized across soil types, glyphosate rates, environments, and microbial 
analysis techniques. Glyphosate applied at recommended field use rates did not adversely 
affect soil microbial biomass, respiration, (Haney et al. 2000; Lupwayi et al. 2009; Olson 
and Lindwall 1991; Stratton and Stewart 1992; Wardle and Parkinson 1990a) or the soil 
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microbial community structure (Busse et al. 2001; Ratcliff et al. 2006; Weaver et al. 
2007). However, glyphosate applied at high concentrations (>3-fold field use rate) has 
been shown to stimulate microbial biomass, respiration, and activity (Busse et al. 2001; 
Haney et al. 2000; Lane et al. 2012; Ratcliff et al. 2006; Wardle and Parkinson, 1990b; 
Zabaloy et al. 2008). Busse et al. (2001) reported that soil microbial respiration was 
unchanged when 5 to 50 µg g-1 (field use rate concentration) of glyphosate was applied 
directly to the soil; however when glyphosate concentrations increased to 100-fold 
greater than a field use rate soil microbial respiration also increased. Short term 
stimulation of microbial activity after a high rate of a glyphosate application was 
attributed to microbial degradation of the herbicide by utilizing available carbon and 
nitrogen as a nutritional source (Busse et al. 2001; Haney et al. 2002; Kremer et al. 2005).   
The stimulation of soil microbial communities within the rhizosphere of 
glyphosate-treated plant roots and suppression of plant defense responses have been 
associated with an increased microbial root colonization after a glyphosate application 
(Descalzo et al. 1998; Johal and Rahe 1988; Kremer and Means 2009; Lévesque et al. 
1987; Sanogo et al. 2000; Schafer et al. 2013). The inhibition of aromatic amino acid 
production after a glyphosate application disrupts the production of many essential plant 
compounds, including compounds involved in defense mechanisms against soil-borne 
pathogens (Altman and Campbell 1977). Therefore a glyphosate-treated plant is more 
susceptible to microbial root infection (Johal and Rahe 1988, 1990; Keen et al. 1982; Liu 
et al. 1995, 1997; Sharon et al. 1992). Kremer and Means (2009) reported that Fusarium 
spp. colonization was two to five times greater on GR soybean after a glyphosate 
application. Descalzo et al. (1998) also reported that the population of Pythium spp. in 
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soil doubled 6 days after a glyphosate application to common bean (Phaseolus vulgaris 
L.). 
Interestingly, the GS and GR biotypes of giant ragweed responded differently to 
soil microbial root colonization after a glyphosate treatment. Schafer et al. (2013) 
reported that the roots of a GS giant ragweed biotype grown in unsterile field soil were 
heavily colonized by oomycete pathogens (e.g. Pythium spp. and Phytophthora spp.) 
after an application of 1.6 kg ha-1 of glyphosate. Whereas, heavy oomycete colonization 
was not observed in the GR biotype grown in unsterile soil that received the same 
glyphosate treatment. Johal and Rahe (1984) reported the addition of Pythium spp. to 
sterile soil increased the severity of glyphosate injury on common bean. Therefore, the 
ability of the GR giant ragweed biotype to tolerate a glyphosate application may involve 
differences in susceptibility to soil microbial colonization. The GS and GR biotypes of 
giant ragweed appear to have a unique relationship with soil microorganisms after a 
glyphosate application, which may play a role in glyphosate resistance. 
In order to begin to understand how and which rhizosphere soil microorganisms 
benefit or harm a plant after a glyphosate application, influencing glyphosate efficacy and 
resistance, we need to consider the complete inventory of microorganisms that are 
present within the rhizosphere. The effects of glyphosate that induce plant susceptibility 
to microbes may act indirectly on complete microbial communities, rather than directly 
through particular disease causing organisms. The objective of this study was to use 
molecular techniques to determine the differences in the soil microbial community 
composition and diversity within the rhizosphere of GS and GR giant ragweed biotypes, 
in the presence and absence of glyphosate. Next-generation sequencing was utilized in 
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order to consider perturbations to the entire rhizosphere microbiota surrounding the roots 
of weed species.    
6.3. Materials and Methods 
6.3.1. Plant Material 
The glyphosate-susceptible (GS) and glyphosate-resistant (GR) biotypes of giant 
ragweed used throughout this study were characterized previously through greenhouse 
dose–response studies (Stachler 2008; Schafer et al. 2012). The GS giant ragweed seed 
was collected from Darke County, Ohio and the GR biotype from Noble County, Indiana 
(Stachler 2008) and stored at 4 C. The seeds were pre-germinated by burying wire mesh 
bags containing seed in a field soil : sand mixture at 4 C for 6 to 8 wk (Westhoven et al. 
2008). After dormancy was broken, seeds were planted approximately 1 cm deep in 
sterile commercial potting soil (Sun Gro Redi-earth plug and seedling mix, Sun Gro 
Horticulture, Bellevue, WA) and transplanted upon the appearance of the first true leaves. 
Plants were transplanted into individual sterilized 106.5-cm3 cones (Ray Leach Cone-
tainer, Stuewe & Sons, Inc., Tangent, OR) containing 12 ± 2 g unsterile field soil. Field 
soil used throughout this study was collected in August 2009 from Throckmorton-Purdue 
Agricultural Center in Lafayette, Indiana. Topsoil was collected to a depth of 20-cm from 
a field in which GR corn had been grown in the previous season. The soil type was a 
Toronto-Millbrook silty loam with a pH of 6.7 and 3% organic matter (Schafer et al. 
2012). Plants were grown in the greenhouse under natural lighting supplemented with 
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high-pressure sodium lamps that provided 400 µmol m-2 s-1 photosynthetic photon flux 
density with a 16-h photoperiod. Greenhouse day and night temperatures were 
maintained at approximately 28 and 17 C. Plants were watered daily and fertilized 
weekly with a commercial 24–8–16 fertilizer (Miracle-Gro Water Soluble All Purpose 
Plant Food, Scotts Miracle-Gro Products Inc., Marysville, OH). 
6.3.1.1. Glyphosate Application 
The experiment was conducted as a randomized complete block design and the 
treatments were set up in a factorial arrangement; factors were biotype (GS or GR) and 
glyphosate application (untreated or treated). The experiment included four replications 
of each treatment. When the plants reached the three- to four-node growth stage, 
suggested stage of growth for control in the field, plants were treated with 0 (untreated) 
or 1.6 (treated) kg ae ha-1 of glyphosate. In this experiment the plants were treated with 
the average glyphosate rate that reduced plant dry weight by 50% (GR50) in a previous 
dose–response study conducted in the same soil (Schafer et al. 2012). Glyphosate 
treatments were prepared from a mixture of technical-grade solution of the 
isopropylamine salt of glyphosate and a solution of the formulation blank of Glyphomax 
Plus (Glyphomax Plus®, DOW AgroSciences LLC, Indianapolis, IN), as described by 
Smith and Hallett (2006). A fixed concentration of the formulation blank solution 
equivalent to the concentration found in a 0.84 kg ha-1 rate of the formulated Glyphomax 
Plus was used in all treatments to ensure that the concentration of adjuvants remained 
constant as glyphosate concentrations varied (Smith and Hallett 2006). All treatments 
were applied with 2.8 kg ha-1 ammonium sulfate (AMS) (N-Pa-K, Winfield Solutions, 
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LLC., St. Paul, MN) and 0.5% v/v nonionic surfactant (NIS) (Preference, Nonionic 
Surfactant, Winfield Solutions, LLC.). The control treatment received the fixed 
concentration of formulation blank, AMS, and NIS without glyphosate. The treatments 
were applied using a laboratory compressed-air spray chamber calibrated to deliver 190 L 
ha-1 carrier volume at a pressure of 230 kPa using a 8002EVS nozzle (TeeJet 
Technologies, Wheaton, IL). 
6.3.2. Sample collection 
Individual whole plants (three- to four-node growth stage) roots were removed 
from the soil 3 days after glyphosate treatment (DAT) and the “brush method” described 
by Clemensson-Lindell and Persson (1992) was used to collect the rhizosphere soil. The 
roots were shaken vigorously to remove bulk soil and then a very fine layer of soil still 
adhering to the root surface (less than 1mm layer) was brushed off with a small sterile 
paint brush, now designated as rhizosphere soil. Rhizosphere soil was filtered through a 
0.85 mm sieve to remove root debris, mixed thoroughly, and stored in microcentrifuge 
tubes (Optimum®BesTubes™, Life Science Products, Inc., Frederick, CO). Rhizosphere 
soil samples were taken from each treatment using an individual sterile paint brush and 
stored separately to prevent contamination between samples. Samples for DNA 
extraction were kept frozen at -20 C. 
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6.3.2.1. DNA Extraction 
Individual rhizosphere soil samples were thoroughly homogenized and 1 mg 
aliquots representative of the whole rhizosphere soil sample were used for DNA 
extraction with the FastDNA® SPIN Kit for Soil and the FastPrep® Instrument procedure 
(MP Biomedicals, Santa Ana, CA). Aliquots (1 µL) of purified DNA were quantified 
through the use of a NanoDrop (NanoDrop™ Spectrophotometer, Thermo Fisher 
Scientific Inc., Waltham, MA) and the quality of the DNA was assessed on a 0.8% agrose 
gel. DNA was stored at -80 C until use. 
6.3.2.2. Metagenomics Sequencing. 
DNA was sequenced using the HiSeq2000 Illumina Genome Analyzer system at 
the Purdue Genomics Center. Libraries were constructed for each of the 16 samples (4 
treatments x 4 replications). Genomic DNA was randomly fragmented and adapters were 
ligated to both ends of the fragments. Single stranded fragments of DNA were loaded and 
bound to the inside of a total of 4 lanes of an 8-channel sealed glass microfabricated 
slide. At each end of the DNA fragments 100bp were sequenced. 
6.3.3. Sequence Analysis 
Filtered Illumina reads were extracted from the Purdue Genomics servers and pre-
processed for downstream analysis. Sequence quality was assessed using FastQC (v 
0.10.0) (Andrews 2010) for all 16 samples and quality trimming was done using FASTX 
toolkit (v 0.0.13) (http://hannonlab.cshl.edu/fastx_toolkit/index.html) to remove bases 
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with less than Phred33 score of 30. Resulting reads of at least 50 bases were retained 
(approximately 92% of the total reads). The trimmed paired end reads were joined for 
further analysis using FastqJoin (http://code.google.com/p/ea-utils/wiki/FastqJoin) and 
in-house perl scripts.  
 Two methods were used for annotating the joined reads. In the first method, 
joined reads from each of the 16 samples were separately annotated using the MG-RAST 
(v3.3.1) pipline (Meyer et al. 2008). Annotated microbial sequences were then classified 
by taxonomic grouping using predicted proteins and ribosomal RNA genes.  
In the second method, the joined reads from the 16 samples were used as input for 
RAPSearch2 (Zhao et al. 2012). This method determined sequence similarity by creating 
reduced amino acid alphabet profiles from each translated open reading frames (ORF) 
and for query against a specially formatted NR (NCBI non-redundant protein) database. 
The resulting output was sorted by e-value, BLAST (Altschul et al. 1990) score, and 
match length. The highest scoring match for each joined read was selected as the 
annotation. The blast tool was used in conjunction with the NR database to identify the 
genus and species of each annotation for downstream analysis. Each of the 16 samples 
produced approximately 17 million annotations, effectively describing about 48% of the 
total joined reads. These annotations were then collapsed according to genus, with the 
abundance of each genus recorded as a sum of the number of annotations belonging to 
that genus. To ensure data quality, any genus with less than 10 abundance counts within a 
sample and not represented in all four replicates within a treatment was discarded and its 
abundance set to zero (resulting in 2594 total genera). 
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6.3.3.1. Statistical Analysis 
Abundance distribution of each taxonomic classification generated by MG-RAST 
was further analyzed in SAS 9.2 (SAS Version 9.2, Institute, Inc., Cary, NC) to look for 
differences among treatments. Mean estimates between treatments were separated by 
Fisher’s Protected Least Significant Difference (LSD) test at an alpha value of 0.05 for 
the taxa domain and phylum. 
Microbial alpha diversity was calculated in terms of genera abundance using 
Shannon’s diversity index (Equation 1) in the Vegan package in R software (R 2.0.7, 
Kurt Hornik, http://www.R-project.org). Shannon’s diversity index equation: 
H' = -∑i pi log(b) pi                     [1] 
Where pi is the proportional abundance of genera i and b is the base of the 
logarithm (log2). Shannon’s index mean estimates between treatments were separated by 
Fisher’s Protected Least Significant Difference (LSD) test at an alpha value of 0.05 in 
SAS. 
Relative abundance of particular genera of interest was calculated and multiple 
group comparisons among treatments were calculated using STAMP v 2.0.0 (Statistical 
Analysis of Metagenomic Profiles) package (Parks and Beiko 2010). Multiple group 
comparison among treatments was calculated using ANOVA test followed by Storey’s 
FDR correction, with an FDR of 0.05 used for both the datasets separately. Microbial 
community data were analyzed by Principal Components Analysis (PCA) plot using the 
relative abundance in STAMP. Microbial community data were also used for ordination 
by nonmetric multidimensional scaling (nMDS) based on a Bray-Curtis dissimilarity 
matrix. Using the R package Vegan (v 2.0-7), the Bray-Curtis dissimilarities were 
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calculated, which are based on rank-order rather than absolute abundance. The positions 
of communities in multi-dimensional space were calculated and regressed to two-
dimensional space using Shepard’s stress plot and the stress of the regression was used 
for repositioning. Shepard’s stress plot non-metric fit R2 = 0.99 and linear fit R2 = 0.962. 
Shepard’s stress plot displays how well the original dissimilarities were preserved when 
reducing the multidimensional data, proving the validity of the nMDS plot. 
6.4. Results and Discussion 
6.4.1. Taxonomic Classification 
Using the MG-RAST pipeline, annotated reads were categorized into 
corresponding taxonomic groups. From each biotype (GS and GR) and glyphosate 
treatment (0 and 1.6 kg ha-1) the percentage of reads which were classified into each 
taxonomic rank and group, of the total microbial community, were identified. In both the 
GR and GS biotypes the domain Bacteria comprised approximately 96% of the total 
microbial community, in the presence and absence of glyphosate (Figure 6.1). Other 
studies have also revealed that glyphosate applied at recommended field rates has little 
effect on the soil bacteria population, although the population of bacteria that utilize 
glyphosate as a food source increased when glyphosate was applied at higher 
concentrations (Haney et al. 2000; Ratcliff et al. 2006). 
The Domain Eukaryota represented approximately 3% of the total reads across 
treatments (Figure 6.1). Interestingly, the percentage of Eukaryota in the rhizosphere of 
167 
 
the GS biotype increased from 2.0% to 2.5% when treated with 1.6 kg ha-1 glyphosate 
(Figure 6.1). The amount of glyphosate exposed to these organisms through root exudates 
may be different between GR and GS biotypes, since the GR biotype exhibits reduced 
translocation of glyphosate (Robertson 2010).   
A small percentage of reads were identified as organisms belonging to the domain 
Archaea and the Viruses, and although some minor differences were observed among 
treatments we do not consider them as reliable, and they are largely distorted here.  
Changes in the distribution of Eukaryota and Viruses were identified between 
treatments in this study, but major shifts at the domain level were not observed. In 
previous studies it was observed that fungal hyphal length and cultural bacteria were 
unaffected by a field use rate of glyphosate, however 100x the field rate resulted in an 
increase in culturable bacteria (Ratcliff et al. 2006). The rate of glyphosate used in this 
study was not excessively high (2x rate) and sampling was taken 3 DAT, therefore this 
may explain why we also did not observe large shifts in bacterial and fungal organisms 
within the rhizosphere of the GR and GS biotypes after a glyphosate application. 
The next level of classification generated by MG-RAST was to the phylum level. 
Proteobacteria was the most well-represented phylum, making up 54-55% of the total 
distribution; followed by Actinobacteria occupying 16-19% (Figure 6.2). In other 
ecological soil studies, in the absence of glyphosate, Proteobacteria bacteria were also 
identified to constitute the largest phylogenetic lineage in soil samples (Barriuso et al. 
2010; Janssen 2006; Lancaster et al. 2010; Liesack and Stackebrandt 1992; Stackebrandt 
et al. 1993; Zhou et al. 1997). This genetically diverse phylum contains many important 
soil bacteria, including nitrogen fixing rhizobia (Kersters et al. 2006) and is to be 
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expected to be present in high quantities. The distribution of these two largest phyla were 
not affected by a glyphosate application in this study (Figure 6.2). Barriuso et al. (2010), 
however, revealed that a glyphosate application to GR corn reduced the amount of 
Actinobacteria within the rhizosphere 7 DAT compared to an untreated control, while 
Proteobacteria were unaffected. Lancaster et al. (2010) reported that soils treated directly 
with glyphosate contained more Proteobacteria, than untreated control soils. The variable 
response of major phyla within the soil environment to a glyphosate application may be 
affected by many factors, including glyphosate rate, plant species, soil type, and method 
of microbial analysis; making comparing studies very difficult.  
The next most abundant phyla, Bacteroidetes and Firmicutes, made up 
approximately 6% and 4% of the total distribution, respectively, and, again, these phyla 
were not found to be different among our treatments (Figure 6.2). The Verrucomicrobia 
were slightly more abundant in the GR biotype when treated with glyphosate (4.4% vs. 
3.4%) (Figure 6.2). The distribution of Verrucomicrobia within the soil has been reported 
to be strongly influenced by environmental characteristics, specifically soil moisture 
content (Buckley and Schmidt 2001). The Acidobacteria, Planctomycetes, Chloroflexi, 
and Cyanobacteria each made up approximately 2% of the microbial community (Figure 
6.2). Streptophya, Gemmatimonadetes, Ascomycetes, and Spirochaetes made up less than 
1% of the total microbial community (Figure 6.2). Of these less frequently observed 
phyla, small changes were found between treatments, but it is unclear if these small 
magnitude changes have biological relevance. Results from this study indicate that 
shortly after a glyphosate application to GR and GS biotypes of giant ragweed we would 
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not expect to observe large shifts in the rhizosphere microbial community at the phylum 
level. 
6.4.2. Microbial Diversity 
The structural diversity of the microbial community was determined at the genus 
level by calculating the alpha diversity using Shannon’s diversity index. The diversity 
index of the GS and GR biotypes when glyphosate was not applied was 2.84 and 2.82, 
respectively (Table 6.1). After a glyphosate application of 1.6 kg ha-1 the diversity index 
of the GS and GR biotypes was 2.80 and 2.86, respectively (Table 6.1). Thus, the 
rhizosphere microbial diversity of the GR biotype was greater than the GS biotype, after 
a glyphosate application. The GR biotype may exudate less glyphosate into the 
rhizosphere than the GS biotype, due to reduced translocation of glyphosate in the shoot 
tissue (Robertson 2010). Therefore, a difference in glyphosate exudation may be 
responsible for the difference in the diversity of organisms associated with the roots 
observed between the GS and GR biotypes after a glyphosate application. In another 
study investigating the short term (15 days) effect of glyphosate on the rhizosphere soil 
microbial community of forage plant species it was reported that the functional microbial 
diversity was increased, however at 30 days after treatment diversity was similar between 
the treated and untreated (Mijangosa et al. 2009). In this study, rhizosphere soil samples 
were taken 3 DAT, therefore we do not know if differences were transient and be more 
evident at later stages. 
Genera richness among treatments was also evaluated and overlapping and unique 
genera identified. Overall, 2,100 genera were common to the GS and GR biotypes when 
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treated or untreated (Figure 6.3). The GR biotype had 26 unique genera both untreated 
and treated, while the GS biotype had 62 and 141 unique genera when the plants were 
untreated and treated, respectively (Figure 6.3). The GS biotype was associated with 
more microbial genera that were not found in the rhizosphere of the GR biotype. 
6.4.3. Microbial Abundance 
The relative frequency of each taxon sequenced from the rhizosphere was 
calculated utilizing the STAMP program, and the mean relative frequency of each 
organism was compared among treatments. Specific genera of interest were selected to 
investigate if biotype or glyphosate treatment had an effect on the presence and 
abundance of a particular genus. The genera were selected based on prior reports of 
influence by glyphosate, or known plant root synergist or pathogens. 
 The genera which were present in high frequencies were not found to be 
significantly influenced by biotype or glyphosate. The frequency of Streptomyces and 
Rhizobium ranged from 2.5% to 4.1% with a p-value of 0.0603 and 2% to 3% with a p-
value of 0.0769, respectively (Table 6.2). Biotype and glyphosate treatments were 
identified to have the largest effect on Verticillium with a p-value of 0.0090 and effect 
size of 0.5815 (Table 6.2). This genus includes fungal pathogens which cause vascular 
tissue blockage, leading to plant wilts and death. Other root infecting pathogens which 
were identified to be influenced by either biotype or glyphosate included bacterial 
microbes, Xanthomonas with a p-value of 0.0412. An oomycete microbe, Pythium with a 
p-value of 0.0599 was not influenced by biotype or glyphosate treatment (Table 6.2). 
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After filtering sequence data Pythium was identified only in small quantities (0.0004%) 
in the GR biotype when untreated (Table 6.2). 
Burkholderia, a plant growth promoting rhizobacteria (PGPR), was also 
influenced by both glyphosate and biotype with a p-value of 0.0348 and effect size of 
0.4087 (Table 6.2). Root colonizing PGPR organisms are associated with promoting 
growth and disease protection in plants (Lugtenberg and Kamilova 2009). In a previous 
study, Burkholderia was reported to increase in abundance in the soil after a glyphosate 
application, which was hypothesized to be due to the ability of this bacterium to degrade 
glyphosate (Lancaster et al. 2010). The effect of glyphosate on another important genus 
of soil bacteria with plant growth promoting properties, Bacillus, has not been well 
documented. In our study, Bacillus was not influenced by glyphosate application and 
biotype with a p-value of 0.0592 (Table 6.2). Another well-known PGPR, Pseudomonas, 
was also not influenced by our treatments. This indicates that select PGPR organisms 
within the rhizosphere of GS and GR biotypes, either untreated or treated, may differ, 
potentially playing a role in overall plant heath and pathogen resistance.    
Much of the previous work conducted on the effect of glyphosate on rhizosphere 
soil microorganism has focused on PGPR nitrogen fixing bacteria nodulation (Bohm et 
al. 2009; Zablotowicz and Reddy 2004) and arbuscular mycorrhizal fungi (Savin et al. 
2009) in crop plants (Powell et al. 2009). Results from this study on a weed species 
indicated that the abundance of nitrogen fixing bacteria belonging to the genera 
Rhizobium and Bradyrhizobium were not affected by glyphosate or differing between 
biotypes. In previous studies it was discovered that glyphosate reduced root nodule mass 
of nitrogen fixing Bradyrhizobium, B. japonicum, on GR soybean, compared to the 
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untreated control (King et al. 2001; Reddy and Zablotowicz 2003). This reduction was 
suspected to be caused by an accumulation of glyphosate in root nodules (Reddy and 
Zablotowicz 2003), inhibiting B. japonicum as it contains a sensitive EPSPS enzyme 
(Moorman et al. 1992). However, similar to our study, Powell et al. (2009) reported that 
glyphosate applied at recommended field rates had no effect on B. japonicum 
colonization of GR soybean. In our study, rhizosphere soil was collected from the roots 
of giant ragweed, as non-nodulating species. Therefore we would not expect to observe a 
strong interaction of Rhizobium and Bradyrhizobium with the roots, regardless of the 
biotype or glyphosate treatment. 
However, the arbuscular mycorrhizal (AM) fungus, Glomus, was shown to be 
slightly influenced by the both biotype and glyphosate with a p-value of 0.0531 and 
effect size of 0.3141 (Table 6.2). AM fungi are symbionts that colonize the root and 
develop an external mycelium, playing a key role in uptake of immobile plant nutrients 
and water from the soil. Savin et al. (2009) reported that the potential for glyphosate to 
alter mycorrhizal infection in GR corn and cotton (Gossypium hirsutum L.) was 
dependent on a compromised soil microbial community, as results varied on these crop 
plants when they were grown in soil that was inoculated with AM fungi compared to 
naturally infested soil. Similarly, Powell et al. (2009) reported that glyphosate had no 
effect on the AM fungus, Glomus intraradices in GR soybean. It is unclear from our 




6.4.4. Microbial Community Structure 
A PCA analysis was performed in STAMP and nMDS analysis in R to further 
examine perturbations to the soil microbial community (genera abundance) visually. In 
the PCA plot, principal component (PC) 1 accounted for 38.5% of the variation, while 
PC2 accounted for 20.9% of the variation (Figure 6.4). There is some degree of clustering 
of the four different treatments, but no clear distinctions. This indicates that there are 
some differences among the microbial communities from the four replicated treatments, 
but that they are predominantly similar. Likewise, analysis by nMDS indicates some 
separation of microbial communities among the treatments, but no clear indication that 
the communities are particularly distinct (Figure 6.5).  
This study was conducted to examine differences in the soil microbial 
communities of giant ragweed biotypes treated with glyphosate. Previous studies on the 
same biotypes of giant ragweed demonstrated that glyphosate efficacy was strongly 
influenced by root invading soil-borne microorganisms (Schafer et al. 2012). By using 
traditional culturing techniques Pythium spp. were frequently isolated directly from the 
root tissue of glyphosate-treated GS giant ragweed; therefore this root invading pathogen 
was proposed to play a role in glyphosate efficacy, and possibly glyphosate-resistance 
(Schafer et al. 2013). We anticipated that the molecular techniques used here would allow 
us to evaluate interactions among GS and GR giant ragweed biotypes to gain a deeper 
understanding of the role of the rhizosphere microbial community in the mode of action 
of glyphosate and glyphosate resistance. Differences in rhizosphere microbial 
communities were found between treatments, and there were some noteworthy 
perturbations to the soil microbial community. We observed changes in select soil-borne 
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plant pathogens (e.g. Verticillium and Xanthomonas) and PGPR organism (Burkholderia) 
among treatments at the sampling time of 3 DAT. We cannot, however, highlight any 
perturbations that stand out as likely contributors to the herbicide-disease response 
observed in the plant. The microbial sequencing techniques that we used did not show 
that the soil-borne plant pathogen Pythium spp., which we have shown to be implicated in 
this pathosystem using classical techniques (Schafer et al. 2013), were affected in the 
rhizosphere microbial community. We note, however, in our previous studies, Pythium 
spp. were isolated not from the rhizosphere, but directly from inside of the root tissue, 
and the root and rhizosphere are quite separate and well-defined biological systems.  
Our experiment demonstrated that the rhizosphere microbial community of giant 
ragweed is, indeed, different between the GS and GR biotypes, and is perturbed by 
treatment of the plants with glyphosate. The differences, however, were moderate, and 
the biological relevance of the differences found, unclear. We caution against the 
extrapolation of these findings too broadly. In this experiment, glyphosate application 
had only a modest influence on the composition and diversity of the rhizosphere 
microflora, but our experiment was limited to two biotypes of a single species and one 
sampling time (3 DAT) of a single application rate of glyphosate (1.6 kg ha-1). However, 
select soil-borne pathogens were affected by the treatments used in this study and 
examining the soil microbial community at extended sampling times may reveal a more 
noticeable trends in the soil microbial community. We caution, more generally, in the 
interpretation of metagenomic experiments of this kind. We highlight the fact that our 
experiment was carefully controlled and replicated, and that our genomic data was 
stringently filtered. Analyses that are not controlled or filtered in this way may over-
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emphasize numerous apparent differences, but those differences may be impeded by 
artifacts and may be biologically spurious. 
This experiment does not reveal any particular perturbations to which we can 
point, with any degree of confidence, as critical to the health of giant ragweed, but it does 
show that the rhizosphere microbial community is under the influence of both plant 
genotype and glyphosate in the sampling time period, three DAT. The rhizosphere is a 
complex biological system at the interface of many plant-microbe interactions, both 
positive and negative, and perturbations, to this system can have far reaching effects in 
both the short and long term. We have shown previously that glyphosate treated plants 
are much more susceptible to soil-borne fungal and oomycete pathogens, and speculate 
that tissue rhizosphere perturbations may play a role in this susceptibility (Schafer et al. 
2013). We have also shown (Schafer et al. 2013) that GS giant ragweed  are more 
frequently invaded by Pythium spp., than GR giant ragweed, and further speculate that 
the rhizosphere microbial community supported by plants may play a role in this 
difference. Much more research is needed in this area to shed more light on both the role 
of soil biota in the mode of action of glyphosate and the implications that the change in 
selection pressures in the rhizosphere following repeated exposure to glyphosate may 
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Table 6.1 Rhizosphere microbial community diversity index a for susceptible and resistant  
biotypes of giant ragweed when treated with 0 or 1.6 kg ae ha-1 of glyphosate.   
 
Alpha diversity index 
Biotype _________________ Glyphosate (kg ae ha-1) b _____________________ 
 0 1.6 
Susceptible  2.84 AB 2.80 B 
Resistant 2.82 AB 2.86 A 
a Alpha diversity index generated using Shannon’s diversity index (logarithmic base = 2). 
b Means separated by Fisher’s LSD test at a p-value < 0.05. Means followed by the same 













Table 6.2 Relative abundance of “genera of interest” identified in the rhizosphere of the susceptible and resistant biotypes of giant  
ragweed when treated with 0 or 1.6 kg ae ha-1 of glyphosate. 
 
 Mean relative frequency (standard deviation)    
 _______________ Untreated ________________ _______________ Treated b ________________    
Genus Susceptible Resistant Susceptible Resistant  P-value a Effect Size 
 __________________________________________ (%) __________________________________________    
Verticillium 0.0028 (0.0002) 0.0032 (0.0003) 0.0030 (0.0001) 0.0035 (0.0001)  0.0090 0.5815 
Burkholderia 1.4360 (0.1487) 1.3444 (0.2109) 1.1020 (0.0952) 1.2143 (0.1321)  0.0348 0.4087 
Xanthomonas 0.9022 (0.3322) 0.9481 (0.2713) 1.3397 (0.3022) 0.7433 (0.2250)  0.0412 0.3712 
Clavibacter 0.0325 (0.0039) 0.0402 (0.0085) 0.0464 (0.0060) 0.0354 (0.0106)  0.0518 0.3210 
Glomus 0.0015 (0.0015) 0.0026 (0.0020) 0.0005 (0.0004) 0.0005 (0.0003) 0.0531 0.3141 
Bacillus 0.4083 (0.0324) 0.3541 (0.0334) 0.3587 (0.0363) 0.3751 (0.0300) 0.0592 0.2919 
Pythium 0.0000 (0.0000) 0.0004 (0.0005) 0.0000 (0.0000) 0.0000 (0.0000)  0.0599 0.2890 
Streptomyces 3.0255 (0.5370) 3.3947 (0.5707) 4.1678 (1.3805) 2.5519 (0.9688)  0.0603 0.2876 
Aspergillus 0.0126 (0.0007) 0.0127 (0.0006) 0.0121 (0.0010) 0.0131 (0.0004)  0.0751 0.2330 
Penicillium 0.0039 (0.0002) 0.0039 (0.0002) 0.0036 (0.0004) 0.0041 (0.0002)  0.0764 0.2292 
Rhizobium 2.0529 (0.3392) 2.9133 (0.7487) 3.0787 (0.5891) 2.3511 (1.1497) 0.0769 0.2270 
Fusarium 0.0046 (0.0003) 0.0062 (0.0012) 0.0055 (0.0012) 0.0056 (0.0012) 0.0795 0.2196 
Gaeumannomyces 0.0024 (0.0001) 0.0023 (0.0003) 0.0021 (0.0003) 0.0024 (0.0002)  0.0949 0.1733 
Phytophthora 0.0102 (0.0019) 0.0099 (0.0040) 0.0083 (0.0006) 0.0114 (0.0022)  0.0963 0.1694 
Bradyrhizobium 1.4875 (0.1869) 1.6880 (0.2324) 1.5151 (0.2194) 1.6636 (0.1828)  0.1008 0.1544 
Pseudomonas 2.1739 (0.7271) 1.3703 (0.3405) 2.0078 (1.2689) 1.7180 (0.5653)  0.1112 0.1266 
a Multiple group comparison among treatments calculated using ANOVA test followed by Storey’s FDR correction in STAMP, with 
an FDR of 0.05 to separate means. 
 







Figure 6.1 Abundance of the three Domains of life and the viruses by mean percentage of  
reads based on MG-RAST, derived from the rhizosphere of glyphosate-
susceptible (GS) and glyphosate-resistant (GR) giant ragweed biotypes untreated 
(0 kg ha-1 glyphosate) and treated (1.6 kg ha-1 glyphosate) 3 DAT. Mean percent 
of reads were separated by Fisher’s Protected LSD test; means followed by the 









Figure 6.2 Abundance of microbial phyla by mean percentage of reads based on MG- 
RAST, derived from the rhizosphere of glyphosate-susceptible (GS) and 
glyphosate-resistant (GR) giant ragweed biotypes untreated (0 kg ha-1 glyphosate) 
and treated (1.6 kg ha-1 glyphosate) 3 DAT. Mean percent of reads were separated 
by Fisher’s Protected LSD test; means followed by the same letter within a 









Figure 6.3 Venn diagram representing overlap of genera among the rhizosphere microbial  
communities of glyphosate-susceptible (GS) and glyphosate-resistant (GR) giant 
ragweed biotypes untreated (0 kg ha-1 glyphosate) and treated (1.6 kg ha-1 
glyphosate) 3 DAT. Genera are represented only if they were present in all four 













Figure 6.4 PCA plot for rhizosphere microbial communities from glyphosate-susceptible  
(GS) and glyphosate-resistant (GR) giant ragweed biotypes untreated (0 kg ha-1 
















Figure 6.5 nMDS ordination of genera within the microbial community of untreated (0 kg  
ha-1 glyphosate) and treated (1.6 kg ha-1 glyphosate) glyphosate-susceptible (GS) 
and -resistant (GR) biotypes 3 DAT. Bray-Curtis dissimilarities were calculated 

































a Abbreviations: γ-irradiation, gamma irradiation  
 
b Tukey multiple pairwise comparisons test used to determine differences between means, estimates with the same letter in 













( Ib/A) Sterilization Procedure 
Unsterile  136.2 (A)b  5.0 (c) 91.0 (B) 337.0 (b) 1057.5 (A) 59. 5 (b) 
γ-irradiationa   93.5 (B) 60.8 (a)   107.0 (AB) 388.0 (a) 1060.0 (A) 56.0 (b) 















a Abbreviations: γ-irradiation, gamma irradiation  
 
b Tukey multiple pairwise comparisons test used to determine differences between means, estimates with the same letter in 
parenthesis across a row are not significantly different at α = 0.05
Weed Species Unsterile γ-irradiationa Autoclaved  Unsterile γ-irradiation Autoclaved 
__________ Resistant Biotype __________  __________ Susceptible Biotype __________ 
____________________________________________________ % b ________________________________________________ 
Giant ragweed 2.27 (A) 2.67 (A) 2.27 (A)    2.38 (A) 2.45 (A) 2.15 (A) 
Horseweed 3.31 (ab) 4.28 (a) 3.51 (ab)    2.65 (b) 4.07 (a) 3.72 (ab) 
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